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Cornm:inution is the process which aims at increasing the 
surface area and the resultant liberation of a particular 
constituent from the mass of a solid. The autogenous mill 
uses tumbling to effect cornrninution, but instead of special 
milling bodies being added, pebbles of the material to be 
comminuted are used. The autogenous comminution process 
utilises less than O, 1 per cent of the energy input. 
The principal objective of the present work was to 
analyse autogenous milling behaviour in terms of the individual 
comminuting mechanisms and to establish the inter-relationships 
between the main process variables, namely rock petrography, 
size distribution of the feed, applied load, relative velocity 
and environment. In this manner the optimisation the process 
and an improvement of its efficiency was sought. In addition 
the establishment of testing procedures to predict the 
autogenous milling behaviour of a given type of rock was aimed. 
In the present work the gold bearing Witwatersrand quartzite 
was used, although the findings are applicable to other types 
of rocks. 
Since fracture phenomena are involved in all comminuting 
mechanisms of impact-compression, chipping and abrasion, slow 
compression and Brazilian tests were performed. The grain 
size and the mineral composition of the rock has been found to 
have a large influence on the local stresses required for these 
processes. . Indeed the res'ul ts show that the fragility and 
therefore ease of comminution increases with increasing grain 
size of the quartzite. Brazilian tests on drill cores of 
varying diameters may allow the prediction of the critical size 




The study of the frictional behaviour of the rock during 
sliding under controlled conditions of speed and normal load 
aimed at an understanding of the mechanisms of abrasion. The 
magnitude of the frictional force, which is associated with the 
sliding of two rock· surfaces, and the scanning electron 
microscopy study of the friction tracks indicate the occurence 
of three different sliding mechanisms. No distinguishable 
damage on the sliding track and low values of the coefficient 
of sliding friction indicate that the rock surface asperities 
"climb" each other in a smooth manner when the values of the 
sliding speed and applied normal load are low; for higher 
values of the sliding speed and/or of the normal load the 
breakage of the tips of the interlocked asperities is indicated. 
When the sliding speed or the normal load are further increased· 
a distinctive friction groove with a srrooth extruded appearance, 
indicative of fracture and plastiri flow, is formed. 
The wear due to abrasion, as measured on rotating drill 
cores, was found to increase with the grain size and the 
applied normal load. The influence of the relative speed and 
of the total process time was found to be small upon the 
measured wear rates due to abrasion. The similarity in 
appearance of the abrasion detritus and the autogenously milled 
particles indicates the importance of abrasion in autogenous 
milling and that material loss by wear occur.s by spalling 
under the influence of the stress field. The spalling involves 
brittle cleavage fracture and a limited amount of plastic 
deformation. 
The nature and concentration of the environment was found 
to influence the frictional, abrasion and autogenous milling 
behaviour of the rock. These results can be explained 
satisfactorily in terms of changes of the zeta-potential between 
each mineral constituent of the rock and the environrrent. 
The resulting change in the mobility of near surface 
dislocations allows plastic deformation to affect the 
(iv) 
sharpness of near surface cracks and their subsequent· 
initiation and propagation behaviour. The mass removed by 
plastic flow due to difference in scratch hardness between two 
mineral constituents of the rock is also affected. 
The application of prior surface heating was considered as 
a process to improve autogenous milling. Differences in 
thennal expansion characteristics between the mineral 
constituents of the rock, the quartz a~S transition, the 
dehydration and oxidation of some mineral constituents were 
found to increase the fragility of the rock. Although 
comrn:inution is improved by thermal treatments, the application 
of a such process is prohivitive due to its high energy 
requirements. 
In view of the results of this thesis the following 
considerations should be made when the application and 
optimisation of the autogenous milling is contemplated: 
(i) The rate of comminution by impact and abrasion 
is a function of the grain size and the 
mineralogy of the rock; 
(ii) Certain additives can improve the efficiency of 
autogenous comminution; 
(iii) The design of the mill should aim at increasing 
the proportion of wear by abrasion; and · 
(iv) A series of small scale tests using drill cores 
can give strong indications of the suitability 
of an ore for autogenous milling. 
(v) 
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Size distribution of the product of laboratory autogenous 
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Size distribution of the product of laboratory autogenous 
milling tests of the third series, presented according to the 
Rosin-Ra.mmler method. 
Milling environments used: 
Milling time: 240 minutes. 
Water, dry, water with 27 per cent 
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iso-propyl alcohol, n- octyl-
alcohol, · n- butyl alcohol. 
69a 
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Size distribution of the product of laboratory autogenous 
milling tests of the third series, presented according to the 
Rosin-Rammler rrethod. 
Milling environ.rrents used: dry and water. 
Milling tirre: 360 minutes. 
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Surface morphology of a friction track taken .from a test at sliding 
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lhe same friction track, as at plate 32, at higher magnification. 
Sharp corraninuted particles and microcracks are distinguishable on 
the fonned friction groove. 
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lhe same friction track, as at plates 32 and 33, under higher 
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Surface morphology of a friction track taken. from a test at sliding 
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A region of the abrasion groove shown in plate 40, under higher magnification. 
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and Tabor, 1964). . 
Ch the brittle fracture section of the groove ( B ) the phyllosilicates 
flakes present at the floor of the groove cavity are indicative of a 
grain removal by intergranular fracture. 
Plate 42 
A region of the abrasion groove shown in plates 40 and 41. lhe presence 













Surface morphology of an abrasion groove taken from a test in 2 per cent 
by volume normal propyl alcohol in water. 
Nonnal load: l(X)N. · 
Rotation speed: 4(X) RPM. 
- Both plastic flow and brittle fracture are indicated, in the same manner 
as in plate 40 but in different state of equilibrium between the two 
occuring mechanisms •. 
Plate 44 
A region of the abrasion groove shown in plate 43, under higher magnifi-
cation. 
Transgranular fracture is indicative by the cleavage facet of the upper 
section of the micrograph. 
Plate 45 
Surface morphology of an abrasion groove taken from a test in water. 
Normal load: 5CN. 
ROtation speed: 2(X) RPM.· 
Plate 46 
A region of the abrasion groove shown in plate 45, under higher 
magnification. · 
Plate 47 
A region of the abrasion groove showri in plate 45, under higher 
magnification. 
The surface morphology and the presence of very fine detritus are· 
indicative of plastic flow phenomena C A ) while the fracture 
surfaces are indicative of removal of material via brittle 
fracture ( B ) • 
Plate 48 




Surface morphology of an abrasion groove taken from a test in 
.1 per cent nonnal pentanol by volume in water. 
Nonnal load: 500. 
Rotation speed: 200 RPM. 
A plane cut orthogonically to the abrasion groove by a ''Rimlock 
Diamond Cut-Off" blade of 203,2 mm diameter, rotating under 
1425 RPM by a 233,3 W - 220 V Ar. motor, in water environment. 
The morphology of the cutting surface is indicative of the occurence of 
conrninuting.mechanisms employing only fracture phenomena in comparison 
with the surface morphology of an abrasion groove which employs both 
fracture and plastic flow phenomena. 
Plate SO 
Typical surface morphology of an as received quartzite drill core.· 









Plate 51 56h. 
Abrasion detritus taken from a test in water. 
Nonnal load: SCN. 
Rotation speed: 200 RPM. 
The size distribution of the abrasiQn detritus falls within the ·range of 
11 µm to 0,5 µm, while their shape is irregular. 
(xix) 
Pfate 52 
Abrasion detritus taken from a test in 2 per cent by :volume ethanol 
in water. 
Nonnal load: lCXl'-l. 
Rotation speed: 200 RFM. 
The size distribution of the abrasion detritus falls within the range of 
34 to 99 µm, while. their shape is irregular. 
56i 
Plate 53 69c 
Run-of-mine quartzite particles, showing the influence of the material 
handling on their surface morphology. 
Sieve distribution analysis size: · -500 + 250 µm 
!<a = 0,3881 . 
ko .. 0,0679 
Plate 54 69c 
Run-of-mine quartzite particles, showing adhering fine particles on its 
surface. 
-Sieve distribution analysis size: -250 + 125 µm 
Ka = 0,3580 
Kao = 0,0552 
Plate 55 69d 
Particles taken from the interior of a fully autogenous wet '.Aerofalt mill. 
Sieve distribution analysis size: -250 + 125 µm 
Plate 56 
Particle taken from the interior of a fully autogenous wet 'Aerofalt mill. 
Sieve distribution analysis size: - 250 + 125 µm 
Ka = 0,5698 . 
,Koa = 0,07013 
Plate 57 
Surface morphology of a particle taken from the interior of a fully 
autogenous wet ~erofalt mill, showing fracture patterns indicative of 
transgranular comminution. 
Sieve distribution analysis size of the partiele·: - "'-500 + 250 µm 
Plate 58 
Very fine particles adhering on the surface of a -500 + 250 µm particle, 
taken from the interior of a fully autogenous wet 'Aerofalt mill. 
Plate 59 
Particle taken from the cyclone overflow of a fully autogenous wet ~erofalr 
mill. 
Sieve distribution analysis size: -250 + 125 µm 
ka = 0,542 
ko = 0,0970 
Plate 60 
Particle taken from the cyclone overflow of a fully autoge'nous wet 
Acrofall mill. 
Surface morphology indicative of transgranular corrrninution. 
Sieve distribution analysis size: -125 + 63 µm 
ka = 0,4836 








Particles taken from the -500+250 µm product of a laboratory autogenous 
milling in water environment after 120 ininutes milling. 
69h 
n~62 6% 
Particle taken from the -500+250 µm product of a laboratory autogenous 
mill, after 120 minutes of milling. 
ka = 0,0955 
ko = 0,0140 
Plate 63 69i 
Particles taken from the -250+125 µm product of a laboratory autoge:10us 
mill, after 240 minutes milling. 
Environment: water. 
Plate 64 
A flaky particle taken from the -63 µm product of a laboratory 
autogenous mill, after 240 minutes milling. 
Environment: water. , 
The thickness of the particle is less than 10 µm. 
ka = 0,1150 
ko = 0,0431 
Plate 65 
PartiCles taken from the -125+63 µm product of a laboratory autogenous 
mill after 360 minutes milling. 
Environment: water 
Plate 66 
Particle taken from the -125+.63 µm product of a laboratory autogenou5 
mill, after 360 minutes milling. 
Environment: water. 
Adhering particles on the surface of the particle. 
ka = 0,2687 
ko = 0,0497 
Plate 67 
Particle taken from the -63 µm product of a laboratory autogenous mill, 
in n-butyl alcohol environment, after 120 minutes milling. 
Plate 68 
~ particle taken from the -63 µm product of a laboratory autogenous mill 
m n-butyl alcohol environment, after 120 minutes milling. 
Plate 69 
A microcavi ty on the surface of a -63 µm particle, taken from a laboratory 










Microcrack on the surface of -500+250 µm particle taken from the 
interior of a fully autogenous wet Aerofall mill, indicative of 
traJ\granular fracture. · 
Plate 71 
Phyllosilicate particle taken from the interior of a fully 
wet Aerofall mill, adherfug on particles of -125+63 µ.m. 
Sieve distribution size 
ka = 0 1722 
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1. GENERAL INTRODUCTION 
Cornminution is the process which aims at increasing the surface 
area and the resultant liberation of a particular constituent from the 
mass of a solid. The origins of cornminution are alnnst coeval with 
man. Homer, describes at least six comminution processes, much TIX)re 
complicated than the pestle and TIX)rtar, which were employed before 
2000 B.C. 
Rumpf (1959) estimates, that the corruninution of solids in present 
times consumes five per cent of all the electrical energy produced in 
the world. The mineral processing of the excavated ores is the 
forerunner of the manufacture of TIX)St of the metals that man uses. 
Energetically cornminution is an inefficient process and utilizes only 
of the order of one per cent of· the power supplied. Therefore there is much 
opportunity for financial improvements and even a ten per cent increase 
in useful size reduction would warrent a major scientific and techno-
logical research effort. An efficient conminution process will be 
associated with increased recovery rates of any ore and make possible 
the utilization of low grade ores in order to satisfy the world 
deIIRnds in materials, especially the ones which will be in short 
supply in the near future. 
Al though the principle of the autogenous* mill was established . 
as soon as primitive man aimed a large piece of stone to break another 
piece, the method is relatively new, which has only recently made 
inroads into industrial mineral processing. The autogenous mill uses 
twnbling to effect cornminution, but instead of special milling bodies 
such as rods or balls being added, lumps of the material to be corruninuted 
are used. The first report of a twnbling mill being worked autogenously 
is by Graham in 1907. This successful application of autogenous 
milling took place in the Witwatersrand goldfields mineral processing 
production line and resulted in an improved milling efficiency. 
*Autogenous derives from the greek adjective a6~oy£v~~meaning self-
born or self-sufficient. 
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Graham reported the effect of both composition of milling pulp and mill 
charge on this efficiency but he discontinued his effort because of 
shortage of necessary labour required for the preparation of the feed. 
During the first half of the twentieth century a number of wet and dry 
autogenous milling applications took place, particularly in the U.S.A. 
and Canada, with and without auxiliary wear media (Lawrison, 1974). 
In 1960, autogenous milling was successfully applied in Sweden for the 
connninution of silicious lead ore (Fahlstrtim, 1962, 1974) and in 1965, 
autogenous milling was successfully applied in Turkey (Dogan, 1975) 
for the conuninution of quartzite ore. Autogenous milling should be 
initially considered as one of the most applicable processes for any 
new reduction plant, since the advantages offered may include: 
(i) ability for size reduction of a run-of-mine product, 
without any primary preparation such as jaw crushing. 
(ii) a product with a reduced amount of contamination by 
auxiliary wear media. 
(iii) reduced capital and operational costs in comparison 
with other connninution methods.* 
Unfortunately all ores do not respond to autogenous milling. In some 
cases auxiliary media ore added in order to achieve an acceptable 
milling efficiency. 
*The connninution cost rnay be analyzed into the capital charges, the 
energy cost, the parts renewal cost and the operating labour accounts. 
The view which is widely accepted (Rose and Sullivan, 1961), is that 
each of the first three charges account for about the third of the 
total conuninution cost, while the labour represents a negligible 
expenditure. 
The capital cost for the autogenous milling depends upon the magnitude 
of the throughput of the mill. For small units the capital charges 
are lower than the ones of similar in size units of the conventional 
size reduction plants i.e. ball milling. But, there is a tendency 
for the new connninution systems to be designed for higher throughputs 
aided by automatic control in order to optimize operation that involves 
a higher capital investment, which results to proportionally higher 
capital charges, corresponding with longer pay-back periods. The 
same time the renewal costs become higher due to the size and the 
complexity of the plant. The elimination of the cornrninution stages, 
of course, also reduces the total capital cost i.e. jaw, gyratory 
crushers (prirnary) and ball, rod mills (secondary) . 
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Studies on the suitability of ores for the application of auto-
genous milling are usually carried out on a pilot plant scale basis 
prior to the full scale application of the methods. These empirical 
studies normally investigate the need of auxiliary wear media or the 
desirability of several processing stages. Plant scale tests are 
expensive and time consuming and in addition require appreciable 
quantities of the ore. These large quantities are not usually 
available at the early feasibility studies stage. 
The complexity of the process and the absence of detailed knowledge 
about the physical mechanisms involved in autogenous milling, preclude 
further increases in cornrninution efficiency and predictive selection 
criteria of ores suitable for the technique. An examination of the 
nature of the physical processes that occur during autogenous milling 
and the separate consideration of each of these processes in relation 
to all the physical and chemical variables involved is the approach 
adopted in the present study. Ideally a full understanding of the 
cornminution mechanisms in the mill and the associated variables should 
enable us to accurately predict the suitability of autogenous milling 
to a particular ore body. 
The cornrninution process in general was considered by Schuhmann (1960) 
as a sunmation of many individual and independent events, each of which 
was assumed to have substantfally constant characteristics.during.the 
progress of the cornminution process. With a given feed material and 
' . 
a given corinninution device, all of these cornminution events could be 
classified into families which employ certain mechanisms with charac-
teristic energy utilization and resulting size distributions of the 
product. An analysis of the three main cornrninuting mechanisms 
employed in a tumbling mill, namely impact, chipping and abrasion, has 
been proposed by Crabtree, Kinasevich, Mular, Meloy and Fuerstenau 
(1964). A fourth cornrninuting mechanism, attrition, was proposed by 
the same authors as comprising both abrasion and chipping mechanisms. 
The impact or compression fracture mechanism, as proposed by 
Crabtree et al, has been examined by Arbiter, Harris and Stamboltzis 
(1969), for the understanding of the autogenous milling. Three 
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component processes were proposed by the authors, namely, free fall 
impact, double simultaneous impact and slow compression. The free 
fall impact is produced by falling rock pieces and the double impact 
may be characterized by diametrical point shock loading of a rock 
piece. In these impact mechanisms the distribution nndulus n is 
unity in the Rosin-Raill!nler presentation (Appendix A) for the total 
n 
mill product, viz: y = 1-exp(-(x/k) ) where y. is the mass fraction 
undersize x and k is a constant. 
The chipping mechanism, (Crabtree et al, 1964), involves the 
breaking of edges or corners from a rock piece, when there is in-
sufficient energy to produce fracture into nearly equal parts. The 
size distribution produced is unclassified in terms of the Rosin-
Rannnler presentation (i.e. n is inderrninate) and thus different than 
that of the impact mechanism. 
Abrasion, according to Crabtree et al (1964), is a form of surface 
wear produced when rocks rub against each other. Stanley (1974, 1975) 
defined abrasion in relation to autogenous milling as the nnde of 
cornrninution by which_the cormninuting media are reduced by gradual 
breaking away of their surfaces leaving a slowly diminishing core 
and a gradually increasing quantity of much finer detritus. Digre 
(1970) suggests that abrasion is the wear of rock pieces which occurs 
during autogenous milling. When these pieces are sufficientli small, 
(about the one tenth of the dominant feed size) they are caught between 
larger pieces and the distribution modulus n, in the Rosin-Rannnler 
presentation of the cormninuted product by abrasion, is much smaller than 
unity. The hypothetical particle size distribution, resulting from 
eighty-nine per cent impact events, ten per cent chipping events and 
one per cent abrasion events has a value for n = 0,7 (Crabtree et al, 
1964). 
Attrition is the mechanism, by which the material particles which 
are small enough to be caught between larger pieces, are connninuted by 
the larger pieces. Attrition is thought to be a major cormninuting 
mechanism for ball milling, while abrasion is the main conrrninuting 
mechanism for autogenous milling since a continuous size range of 
particles exists. 
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The above mentioned connninuting mechanisms are usually inf ered from 
an examination of the characteristics of the size distribution of their 
respective product. The whole process is thought to be controlled only 
by the mechanical conditions of the comminuting system i.e. geometry, ' 
mass of mill charge, mill speed and type of liners. Little attention 
has been paid to the physicochemical conditions of the system and how 
these affect the fracture of rocks. However, recent research studies 
have been made on the effects of the environment on the various forms 
of comminution. Rehbinder (1947.) pioneered the idea that adsorption 
reduced the effective surface energy of solids , and therefore changed 
their mechanical properties. This may result in the enchancement of 
the efficiency of comminution or drilling processes. The essential 
feature of the Rehbinder hypothesis is that "embryo-microcracks" 
which are permanent points of weakness in a material are affected by 
the adsorption of certain environments. As an example the strength 
of materials has been found to be profoundly influenced by rroisture 
(Orowan 1948, Rumpf 1959, 1972, Colback and Wiid, 1965). Orowan (1949) 
suggested that the concentrated stress at the tip of an elastic crack 
must be equal to the molecular strength of the solid, when the incre-
ments in separation of the atoms become comparable with the inter-
atomic spacin~: {he stress required for fracture 0f, can be shown to 
be given by (1:!.iyr )' ~ ·, which means that the ratio of the radius r of the 
rraC 
crack tip to the crack length C , is of er i ti cal importance. If 
chemical events between surface atoms and environment aid the breaking 
* of the bonds then the surface' energy in this equation is effectively 
reduced and the naterial will fail at much lower applied tensile load. 
The environment can reduce, in other words, the cohesive strength of 
the surface bonds and particularly the bonds at tli.e crack tip. There 
have been many iIWestigations, (Wiederhorn, 1967, Friedman, \:Iandin & Alani, 1972 
McCammond, Newmann andNatarajan, 1975) on the influence of the 
environment on the reduction of the effective surface energy in rela-
tion to the strength of glass, quartz and some rocks. The variation 
in the surf ace energy due to absorption is described by the Gibbs 
-2 -1 *Uni ts of y are Jm or Nm and can be called as surface energy per 
unit area or surface tension. 
adsorption equation: 
dy = RTf3 lnp 
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.where R is the gas constant 
T the absolute temperature 
S the nunber of adsorbed 
molecules per surface lll'lit 
and p the equilibriun pressure 
can be replaced from the equation: 
k" 
f3 = MSm 
where M is the molecular weight of the environment adsorbed 
k" is the mass of the environment adsorbed per mass unit of 
the adsorbent and 
Sm is the specific surface of the adsorbent 
p 
Thus: 6y:RT/MSm f. k"'dlnp,, and 
. 0 . 
Y;= a;-(2E/MC)6y=y;-(2E/MC) (HT/MS )fp kln:P·'. 
· m o , 
, 
where y is the surface energy in vacuum and y the effective surface 
o , e 
energy in the environment and C. constant, which is function of the 
heats of adsorption. 
The reduction of the surface energy, calculated by the above rnanner, 
has not in general been found to be in agreement with the one experi-
mentally determined (for examp~e Hardie and Petch, 1965). It appears, 
that adsorption according to the Gibbs theory, cannot adequately account for 
the effect of the environment on the strength of the solid. 
Since chemical reactions are activated processes, fracture phenomena 
such as static fatigue should be activated processes, deriving the 
necessary activation energy from the applied stress. Accordingly the 
environment is expected to react JIDst rapidly at the crack tip and 
change the. geometrical characteristics (r /CJ of the crack until. the 
Orowan (1948) criterion for carnstrophic failure is satisfied. The 
hypothesis, which states that the reaction between siloxane bonds of 
glass and water, (Moulson and Roberts,
1
1960) may describe the chemical 
attack by the environment at the crack tip of a silicious material. 
In the presense.of water and stress, the following reaction was suggested: 
HO-H + (-Si-0-Si-) ___. (-:?i-OH-OH-Si-) 
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In the vicinity of the ti:p of a Griffith crack; (a region of the 
order of lOnm to lOµm) plastic defonnation may also occur, during ini-
tial crack growth. The amount of plastic energy dissipated in this 
region, can be large in comparison to the surface free energy and in 
addition, heat may be evolved.. The plastic flow will, in addition to 
chemical action, change the geometry of the crack tip. 
Thus, two stages of crack growth can be visualized: 
(i) Slow crack notion and geometry changes due to the chemical attack 
and/or plastic flow (Static fatigue). 
(ii) A catastrophic stage of crack motion initiated when the 
crack geometry satisfies the Orowan (1948) criterion. 
Wear and abrasion processes are considered to consist of micro-
fracturing events. Then the processes described above will be expected 
to influence the rates of cornrninution. Hockey (1971), in his study of 
surface abrasion correlates the dislocatioris density with the fraction 
of work which goes into plastic deformation of alumina. Gregg (1968) 
suggested that the stress exerted on the particles of quartz would be 
expected to produce numerous near-surface dislocations. This lattice 
distortion may be so intense as to destroy any long range order. The 
existence of an amorphous surface layer, approximately 15 nm thick, was 
determined by Talbot and Kempis (1960) and Burton (1966) using a solu-
bility technique. 
The phenomena of near surface plastic defonnation andfonnatio~ of amor-
phous mass, cannot be expected to be independent of the envirorunent present. 
Westwood and co-workers (1962, 1970, 1974, 1976) suggested that there 
nrust be a relationship between the near-surface electronic structure of 
the solid and the environment present, based upon chemisorption induced 
changes. These changes can be expected to influence the fonmtion and 
nntion of dislocations and hence possibly effect the plastic blunting 
of surface flaws and the consequently change the fracture behaviour of 
the material. Westwood (1974) correlated the hardness of crystalline 
- 8 -
naterials to values of zeta potential* of the material-environment 
interface. When the zeta pctential is zero the electronic structure 
of the near surface region of the naterial approaches that of the bulk, 
and a rraximlm in hardness results. 
Apart from the influence the environment may have on strength and hence 
on autogenous milling behaviour, other changes may result from the 
local temperature rise which occurs during the abrasion of two rocks 
or between a rock and a mill liner. (Jaeger, ,1942 , Bowden and Thomas
1 
1954, , Rabinowicz~ 1965) • These temperature rises were found to be 
as nruch as 600°C during abrasion of aragonite on silicon carbide paper. Because 
these conditions nay be similar to those in an antogenous mill, similar 
local thermal effects may take place and result in changes in the 
comminution behaviour of the material. 
*When particles are plac~ in an aqueous medium they undergo an elec-
trical rearrangement at the solid-liquid interface with the forrration 
of an electrical double layer. A variable related to these phenomena 
is the zeta-potential, which can be defined as that at the shearing 
plane when the particle or the liquid surrounding it IOC>Ves under the 
influence of an external potential gradient. All the phenomena, which have 
in cormnon the feature that a relative IOC>tion is involved between a 
charged surface and a liquid environment, are called electrokinetic. 
The main electrokinetic phenomena used for zeta potential measurement 
are (a) Electrophoresis, consisting of setting up a potential gradient 
in a solution containing charged particles and determining their rate 
of motion; (b) Electroosmosis, consisting of a applied field on a fixed 
.surface or particle in 3;queous medium resulting in_,. the rnvement of the 
IOC>bile difuse layer and subsequently of the solution; (c) Streaming 
potential, a reversed electroosmosis phenomenon, consisting of a liquid 
environment caused to flow in a tube containing fixed charged solids 
resulting to an induced potential, which is measured; (d) Sedimenta-
tion potential, consisting of a potential which is induced by charged 
particles caused to move relative to the liquid environment, usually 
via a centrifugal field. 
The principal objective of the present work was to assess the 
. . . 
autogenous milling behaviour in terms of the collilllinuting mechanisms 
involved and to inquire into.the inter-relationships existing between 
the following process variables: material structure, material strength,· 
temperature, mill charge, mill speed and environment present. Inves-
tigations on the nature of the impact-compression connninuting mecha-
nisms in relation to the Witwatersrand quartzite characteristics are 
presented in chapter two together with a classification of the petro-
graphy of the quartzite used for all the experiments described in the 
thesis. Chapter three presents investigations on the effects of the 
temperature on the rock properties in relation to comminution. The 
frictional behaviour of the material in relation to variables correspon-
ding with the mill speed, mill diameter, milling environment and mill 
charge and its characteristics, is examined in chapter four. Studies 
on the connninuting mechanism of abrasion are presented in chapter 
five. Chapter six presents investigations on autogenous milling, 
with an emphasis on the milling environment. The general discussion 
is presented in chapter seven, while the conclusion and recorrnnendations 
are included in chapter eight. 
Appendix A is related to the Rosin-Ramrnler presentation of 
the distribution of.the conuninuted quartzite productAppendix.Bpresents 
, -
~vidence offered ~y Diodoruson the use of the thermal corrunihution. Some 
calculations related to the frictional testing procedures, parnely 
the surface temperature developed during sliding and the pressure 
applied at the contact area of two rock specimens are presented 
in appendices C and D. The values of some physical properties of 
the used liquid environments are listed in appendix E. Appendix F 
describes aspects related to the design of the control system of 
the motors used for the rotation of the rock specimens in the abra-
sion testing apparatus, while design aspects of the clamping device,· 
the power transmission joints and the idler rollers of the abrasion 
testing apparatus are presented in appendix G. Data of the scanning 
electron microscopy image analysis of comninuted quartzite particles 
from autogenous mills ar~ listed in appendix H. Appendix I. includes 
reprints of three papers published during the period the present 
thesis was carried out. 
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CHAPTER 2 
Tiffi PETRcx;RAPHY AND FRAC1URE PROPERTIES OF 1HE WI'IWATERSRAND 
QJARTZITE 
2.1. Introduction 
An understanding of the fracture mechanisms involved in autogenous 
milling in relation to the nature of the material, the size distribu-
tion of the feed and resulting product, and the manner of load appli-
cation is a prerequisite for developing and optimising an autogenous 
corrnninution system. Al though little work has been devoted to this 
objective, rock failure in relation to a wide spectrum of engineering 
situations, is a subject extensively studied in the field of rock 
mechanics. The fracture mechanisms, excluding abrasion processes, 
involved in autogenous milling can be divided into those produced by 
slow compression and by free-fall impact. The study of these fracture 
·processes, in terms of the examination of single test specimens has 
been the subject of a number of published works. 
Uniaxial and triaxial compression tests on the Witwatersrand 
quartzite have shown that the behaviour of the rock under these con-
ditions is dependent upon the microstructure of the material and the 
precise loading conditions. Hallbauer, Wagner and Cook (1973) 
correlated the compressive strength of quartzite with the petrograp-
hical type of specimen tested and found that the microcracking due to 
triaxial compression in a stiff testing machine was mainly trans-
granular and parallel to the maxiITR1IIl principal stress. Compression 
tests on various petrographical types of the Witwatersrand quartzite 
were also performed by Hoek (1965) and Bieniawski (1967-), and their 
results exhibited a dependence on the rock petrography. John (1972), 
working on the time dependence of the fracture properties of the 
rocks, found that the uniaxial compression load required for the 
failure of the specimen is an increasing linear function of the loading 
rate applied for a given petrographical type of quartzite. 
The tensile strength of the Witwatersrand quartzite has been 
eJC?.mined by a number of investigators Bieniawski ( 1967) , Hoek 
(1965), John (1972) employing both direct and indirect techniques. 
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In the direct tests performed, "dogbone" shape rock specimens were 
used, while in the indirect ones, as-received drill core specimens, 
were utilised for Brazilian tests. This type of indirect test was 
developed for concrete, Carneiro (1947), Wright (1958), and nore 
recently been used by Hobbs (1966) and Jaeger and Hoskins (1966) as a 
sufficient method for the measurement of the tensile strength of 
rocks. Reproducible results, which agree with the ones found by 
the direct method, are obtained. In this test, cylindrical specimens 
are compressed parallel to a diametrical plane across which a uniform 
tensile stress is developed. The value of this stress at failure 
provides a measurement of the tensile strength of the rock. The 
values obtained for Witwatersrand quartzite employing both direct and 
indirect techniques, Hoek (1965), John (1972), were found to be 
dependent' upon the petrography of the rock and the rate of the applied 
stress in a manner similar to that found for compression strength. 
Free-fall impact testing techniques have been employed in order 
to predict the coimninution behaviour of an ore for both ball and 
autogenous milling (Rose, 1975, Arbiter et al 1969J Jackson 
(1968) developed thus free-fall impact technique for the prediction 
of the autogenous milling behaviour of the Witwatersrand quartzite 
ore. The irregularities of the shape of the run-of-mine rock 
specimens promote large deviations in the results and hence the 
performance of a large nwnber of tests is necessar)r~ 
The described testing procedures may provide criteria which will 
enable one to predict the autogenous milling behaviour of a particu-
lar type of an ore. The variations of the mechanical properties 
found for the various petrographical types of the Witwatersrand 
quartzite indicate that a microscopic examination of a particular 
ore is also an essential prerequisite for the prediction of the 
\ 
applicability of autogenous milling. 
A quartzite may be described as a polycryctalline aggregate 
which contains crystal.defects and flaws and in addition precipi-
tates of second phase particles, produced during sedimentation and 
metamorphism, both within the grains and at the grain boundaries. 
·.:• 
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The rock has, in general, an inhornogenous size and spatial distribu-
tion of these microstructural features, which are associated with the 
geological history of the material. It should be noted that the 
size distribution of the conuninution product of the fracture mechanisms 
may be obtained on the basis of Griffith's theory (1921) which postu-
lates crack propagation occurs when flaws such as·the ones mentioned above 
are activated by stress. Gilvarry {1961), in his statistical analysis, 
discriminated between three different kinds of cracks, viz. those 
within the volume, those at the surface and those on the edges of the 
material. He suggested that three kinds of cracks occur according 
to a Poisson distribution and the probability Mp of formation of a 
particle of sieve size x, is~= 1-exp c-x/k), where k is constant. 
Gilvary's theoretical concept will result in a slope of unity in the 
Rosin-Rammler presentation of the mass per cent undersize versus 
particle size. 
There is a difficulty of establishing an uniform petrographical 
description of the Witwatersrand quartzite samples, since in general, 
this ore is a sedimentary metarnorposed rock appearing in a wide range 
of grain sizes and mineral compositions. The natural deformations 
which have occured.in the quartzite have resulted in a complex 
microstructure, including transgranular and intergranular microcracks, 
microcavities and dislocation structures. A large variation in the 
mechanical properties of the rock is therefore expected and any corre-
lation between mechanical strength characteristics and the suitability 
of autogenous milling would be incomplete without a paraller examina-
tion of the rock microstructure. This chapter therefore attempts 
to classify the quartzite used in this study and correlate the petro-
graphy with fracture strength. The classification will be used in 
the following chapters in relation to thermal and abrasion properties. 
2.2. Experimental Techniques and Results 
2.2.1. Rock petrogtaphy 
Witwatersrand quartzite is a metamorphosed sedimentary rock consist-
ing m:iinly of seventy to ninety per cent by volume of quartz, two 
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to twenty per cent of the phyllosilicates group of minerals, 0,1 to 
10 per cent of pyrite, 1 per cent or less of other sulphides, grains 
of primary minerals at 1 per cent or less, titanium 0,1 to 0,2 per 
cent, gold 25 to 45 p~rts per million, silver 3 to 5 parts per million 
and uranium in the fonn U303, 0,03 to 0,09 per cent. Quartz often 
appears in the fonn of "pebbles" of size up to 50 nnn, while phyllo-
silica tes appear in sheet-like str:uctures. From the phyllosilicates 
group, the following minerals seem to appear more often in the 
Witwatersrand quartzite examined: 
(i) ~luscovite KA1 2 (OH) 2 (Al Si3 010) 
(ii) Serpetine Mg6 (OH) 8 (Si4 010) 
(iii) Pyrophyllite AI 2 (OH) 2 (Si4 010), and 
(iv) Chloritoid Mg2 Al 2 (OH) 4 (Al2 Si2 010) 
Both reflected and transmitted light microscopy techniques were 
employed, for the petrographic examination of quartzite used in this 
study and the quantitative mineral distribution in the quartzite 
sections examined, was obtained by a similar method, employing a 
from of 1 cm2, with subdivisions of 1 rrnn2, using the colour and 
pleochroism characteristics of each mineral constituent of the Wit-
watersrand quartzite. Characteristic petrographic data of the 
quartzites examined, arP shown in the micrographs of the plates 1 to 
4 and listed in ·table I. 
The grain size of quartzite was determined via the Teusher counting 
method (Niggli, 1954) by laying a counter on the thin or polished sec-
tion and then counting the number of grains enclosed by the frame, of 
1 cm2 area. The square root of the specific number of grains' as 
defined the number of grains per cm2 obtains the mean grain size of 
the rock. This counting method, applied for ten random positions on 
a polished or a thin section, was used for the detennination of the 
average grain size of the rocks examined. 
The grain size of the Witwaters~and quartzite examined, was found 
to vary in the range from 100 µm to 2,3 mm, while the average grain 
·.:. 
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s'ize, found to vary in the range of 300 µm to 2 nm. The determina-
tion of the average grain size in relation to strength (Table I) 
allowed us to classify the material into the following four types: 
(a) Fine grained quartzite, designated as A (100 to 750 µm), (Plate 1). 
(b) Fine to medium grained quartzite, designated as B (300 µm 
to 1, 1 nm), (Plate 2) . 
(c) Medium grained quartzite, designated as C (200µ:in to 1,5 nm), (Plate 3) 
and 
(d) Coarse grained quartzite, designated as D (400 µm to 2,3 nm) 
The frequency of the microstructural defects such as microcracks, 
cavities and inclusions was determined by counting the number of defects 
per cm, at 10 random directions. 
The relative frequency of the intergranular and intragranular 
defects was found to be 38 per cent to 62 per cent respectively for a 
coarse grained quartzite while, for a fine grained, was 56 per cent 
to 44 per cent respectively. 
In order to study the fracture m::>rphology by scanning electron 
microscopy small fragments of the quartzite samples were m::>unted on 
metal stubs and coated under vacuum with a gold palladium alloy in 
order to attain a conducting surface layer of approxima.tely 30 nm 
thickness. A Cambridge Stereoscan 180 scanning electron microscope 
was used to investigate the fractography and to obtain the photo-
micrographs. Fracture patterns are indicative of transgranular 
cleavage fracture in the case of the Brazilian tests specimens of 
type C, while separated phyllosilicates flakes are indicative of 
'intergranular fracture (Plate 5). Similar features can be observed 
during the examination of the particles produced by a test of the 
compressive strength of the rock of type C (Plate 6, 7). 
Light optical photomicrograph of quartzite A. 
Pl at e 2 
Light opt ical photomicrograph of quart zite B. 
Pl at e 3 
Light optical photomicrograph of quartzite C. 
Plat e 4 
Ligh t optical photomicrograph of quar t zite D. 
Plate 5 
Fracture surface of a Brazilian test on a quartzite C specimen showing 
phyllos ilica tes flakes indicative of intergranalar fracture. 
Plate 6 
Quartzite particles, taken from the cormninuted product of a compression 
test. 
Plate 7 
Surface morphol ogy of the l ower particle , shrnvn in pl at e 6. 
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2.2.2. Brazilian and compressive strength tests 
An Instron Universal testing machine of . , 89 kN capacity was 
used in the first series of Brazilian tests, on specimens of 25,4 and 
32,2 nun diameter. The testing of specimens of 42,2, 50 and 60 nun 
diameter, was performed by an·ESH servo-hydraulic universal testing 
machine of 250 kN capacity. A displacement rate of 4 ,23x10-? ms -l 
·was used in both cases. Quartzite drill cores of 25,4 (~ 0,2), 
32,4 (~ 0,1), 44,2(~1), 54,6 (~ 2) and 60,2 (~0,1) nun diameter and 
50,0 nun (~ 0,2 nun) long were compressed diametrically between two 
parallel steel plattens. Plywood packing strips, 6 nun thick, were. 
used between the plattens and samples in order to maintain a more 
uniform loading conditions. Three tests on the same drill core 
were performed, while the petrographic characteristics of each core 
used were examined. 
The results of the petrographic examination together with values 
of tensile fracture stress at, obtained from the equation at = 2P/rtlD, 
where P the fracture load, 11 the length and D the diameter of the · 
specimen, are shown in tables I and II. 
The values of the compressive load at which the test specimens 
were fractured, presented as the mean value of three separate tests 
for specimens taken from the sarne drill core, (types A, B, C, D) are 
presented in figure 1. The values of at which are taken from these 
tests are shown in figure 2. The influence of the size upon the load 
required for fracture of quartzite specimens of type B is ~hown in 
figures 1, 2. Parallel ended quartzite drill core specimens of 25,4 
(!_ 0, 2) nun diameter and 50 ,O (!_ 0, 2) nun long, were compressed between 
two steel plattens in the ESH-testing machine using upper platten 
displacement control~ in order to determine the lllliaxial compressive 
strength of the rock. Table III shows the ·values of the compressive 
strengthcrc obtained which were obtained by the four petrographical 
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Figure 2 
Tensile strength of various petrographical types of the Witwatersrand 
quartzite, deteTillined by the Brazilian test. The values of the tensile 
strength of the Witwatersrand quartzite, determined by direct tests 
(Hoek, 1965, Johri, 1972) are also shown. 
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The strength of the quartzite specimens tested was indeed found 
to be dependent upon the petrographical data of each specimen. Large 
grain size was found to correspond with low compressive and te~sile 
strength, while small grained correspond with high strength. The A 
and D quartzi tes were found to obtain the maximum and the minirtn.lm 
strength, respectively. The mineral composition characteristii:s, 
were also found to iDfluenc.e the strengh of the rock. Muscovite 
mainly and the other phyllosilicates were found to decrease the 
strength of the material, when they are found to represent a large 
fraction of the quartzite mineral constituents. The presence of 
pyrite in a high percentage was found to be_ associated with a larg~ 
average grain size, and subsequently with low values of strength. 
Pyrite, present in small quantities was also found to reduce the 
strength of the rock. 
2.2.3. The free-fall impact tests 
Run-of-mine rocks, of approximately S kg mass, were tested· for 
their free-fall impact behaviour. The rock specimens were dropped 
onto a massive steel plate of 0,8 X 0,8 x 0,05 m dimensions, from a 
release device which was set at heights of 3 and 4 m above the plate . 
. The testing procedure used was similar to the one proposed by Jackson 
(1968) and consisted of fifty free-fall tests for each specimen, 
with a weight measurement of the largest remaining piece after every 
ten successive drops. 
The results of tests perfoimed for three different rocks, bvo 
o~ type B and one of type A, are shown in figure 3. For one specimen 
of type B, a number of 100 free-fall tests from the height of 4 m was 
performed. 
The shape of the graphs indicates that the fracturing of sharp 
edges and coI11ers takes place in a continuous manner after an initial 
nwnber of drops has propagated flaws in the rock piece and produced 
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TABLE I 
Mineralogical composition, grain size and tensile stength characteris-
tics of various types of the Witwatersrand quartzite, designated as 
A, B, C and D. 
Mineral Composition, Grain Size, µrn Per Cent by Volume 
Primary 
Quartz Phyllosilicates M_inerals Min Max Average Class Type 
90 9,9 0,1 100 500 300 Fine A 
92 7,9 0,1 100 750 500 Fine A 
' 
Fine to 
88 11,7 0,3 300 900 700 Medium B 
' Fine to 
86 13,8 0,2 300 1100 800 Medium B 
79 20,0 1,0 200 1400 1100 Medium c 
77 21,3 1,7 400 1500 1200 Medium c 
69 22,0 9,0 400 2300 2000 Coarse D 
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TABLE II 
Classification of various petrographical types of the Witwatersrand 
quartzite via the tensile strength of the rock specimens 
1YPE at' :rvIPa .MEAN VALUE , :rvIPa 
A 24 ,2 
A 24 ,9 
A 24 ,2 














c 12 ,4 13,0 
D 10,2 
D 9,3 
D 9,1 9,5 
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TABLE III 
Uniaxial compressive strength of quartzite 
TYPE a. , MPa 
c ' MEAN · STRENGIB· a , MPa ' c 
A 284,4 
A 257,3 












D 45,9 67,1 
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GIAPTER 3 
THE THERMAL WEAKENING IN COMMINUTION 
3.1. Introduction 
A large fraction of the mechcinical energy input into a corrnni-
nution system is dissipated as heat during the fracture of the rock 
particles (Kidybinski, 1973) or during friction phenomena between 
the rock particles and components of the mill charge (Jaeger, 1942). 
Although the mean temperature increase is very small, local temperature 
rises during friction of rock sur~aces can be as high as soo0 c 
~~cPherson, 1973). This temperature rise may have an influence on 
the fracture behaviour of rocks • Sch~nert, Urnhauer and Klerrnn 
(1969) reported that the slow crack propagation in glass was depen-
. dent on temperature from 20 to 100°c. Also the thermally induced 
internal stresses in rocks may add another type of corrnninuting 
mechanism, to those of impact, chipping and abrasion. .A corrnninution 
method may be established by using heat as the only form of energy 
input or by a judicious combination of heat and other forms of energy · 
in order to overcome the limitations of the conventional methods. · 
3.1.1. The use of thermal treatments 
The application of heat for the corrnninution of rocks is one of 
the oldest methods of the mining and mineral technology as evidenced 
by the considerable quantity of charcoal and wood ash found in ancient 
workings. This technique, known as firesetting in archeology, was 
a standard practice used from prehestoric times to aid mechanical 
methods. Diodorus Sictilus (1st century B .C.) gives the first 
description of a mining method which includes a thermal treatment 
of the ore as part of the ·corrnninution process. Rocks containing gold 
were heated by a fire for a long period and while the rocks were still 
hot, impact was applied by iron bars, resulting in the breakage of the 
~ocks without an excessive manual effort (see appendix B). Pliny 
(1st century A.D.) describes a mining technique, called "igne et aceto", 
which consisted of the heating and quenching of limestone rocks. A 
careful study of Pliny's writings makes clear the following facts. 
Firstly the rocks were heated by the means of a fire; secondly, water 
was poured on the hot rocks; thirdly, vinegar was poured, which slowly 
attacks certain rocks of limestone type. The technique was applied by 
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Chakravarti and Jowett (1967) examined the beneficial effects of 
thermal t;eatment on the connninution of quartz, calcite, feldspar and 
other minerals. They used a laboratory stamp mill and a tumbling mill. 
Grinding was done dry, mostly for 100 seconds and substantial increases 
in grinding rate were apparent after heat treatment. Thirurnulai and 
Demou (1970), examined the rock fracture caused by inteTilal thermal 
stresses during heating and cooling in atnosphere and vacuum. They 
studied the microstructural damage between adjacent grains of 
granodiorite specimens after tests for thenna.l dilation. They found 
that the structur.al damage of the rock was caused by thermal stresses 
induced in rocks during thermal expansion cycling below 300°c. 
Thirumalai and Cheung (1974) examined the principles and effectiveness 
of combination methods for the connninution of rocks using thennal 
energy to initiate subsurface fractures and rock weakening. A ther-
:nohydraulic method for primary breaking and a thermomechanical method 
. for secondary breaking were examined. The potential of a thermo-
mechanical method was also examined with the help of theoretical and 
laboratory tests on rock spheres. They found that this method reduces 
the connninution energy requirement in comparison to the thermal 
treatment used alone, and significantly improves the size reduction 
of hard rocks. Geller and Tervo {1975) investigated the combined 
thenna.1-mechanical comrninution of quartz. The quartz a.~S phase-
_transforn1ation did not appear_ to be of importance in the effect~ of 
the thenna.l treatments . The quenching of the heated material ·w::~s 
found to be an important factor in determining the efficiency 0£ the 
process. Moore and Sibson (1977) examined thenna.l fragmentation of 
rocks in relation to seismic faulting and suggested that surface 
damage was caused by heat, during slip on a seismically active fault. 
3 .1.2. A consideration of thermal fissuring 
The importance of introducing high densities of sharp cracks or 
fissures into quartzite which would subsequently act as crack nuclei 
during the comminution process has been investigated by Rumpf (1973) 
and Kanellopoulos and Ball (1975). The later authors considered the 
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energy balance from which the Griffith fracture criterion is based and 
the stress criterion of Orowan. A high density of sharp cra!=ks is 
necessary if a low mechanical energy comminut ion. process is to be / 
.achieved. The required fissuring could be pro<luce<l by thernu;J. 
techniques on account of four types of stresses viz: 
(i) The trigonal syrrunetry of o:-quartz is manifested in the 
anisotropy of the coefficients of thennal expansion. The coefficient 
of expansion along the C axis is 7, 5 x 10-6 K-l and normal to the C 
axis the expansion coefficients have the value of i3,7 x 10-6 K-l. 
Thus on heating or cooling of a polycrystalline quartzite sample, 
stress will be generated due to the misfit of any one grain with 
respect to the surrounding matrix. An estinBte of the misfit can 
be made in the following .way. Consider the removal, at a given 
temperature, of a spherical anisotropic grain of unit diameter from 
the average matrix. Now, on change of temperature 6T, the hole will 
have increased (or decreased in the case of cooling) its diameter by 
10,6 x 10-6 x 6.T, and the grain wiil have cha.nged its dimensions by 
-6 -6 7 ,5 x 10 . 6T and 13, 7 x 10 6T along and nonnal to the C axis 
respectively. The resulting stresses will be about 40 ~INm- 2 and 
120 ~INm- 2 if the grain is imagined to be nade to refit into the hole. 
(ii) The 11\:'lximum triaxial tension which can be developed at the 
centre of sphere of quartz with a radius b ·of 10 nun, an average thennal 
conductivity k = 8, 9 \II m-l K-l, a specific heat c = 1, 18 x 103 
t h . -1 -1 . 3 -3 . 
Kg C. , density P = 2 ,6 x 10 kg m , a mean coefficient of linear 
. -6 -1 -2 thennal expansion a= 10,6 x 10 C and Young's modulus E = 100 GNm , 
when it is subjected to a sudden increase in temperature ti'r is given 
approximately by t 6 T = 0, 38 a ·B .11'.r. The maximum tensile stress is 
~ttained after the time t = 0,057 b2cpk-l Thus in the present case 
. -2 . 
the stress will reach 200 MNm . in about two seconds when suddenly 
heated to 2cxPc and 360 MNln- 2 in a similar time when suddenly heated 
to 600°C. Temperature gradients produced on rapid cooling will 
produce stresses of similar magnitudes. 
(iii) The stresses generated during the clccompostion of mineral 
constituents such as pyrite is difficult to ~stimate but the volume 
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changes and the release of gaseous products may well be sufficient to 
initiate flaws. The oxidation and decomposition of pyrite takes place 
between 590°C and 680°C (Kopp and Kerr 1957, Levy 1968, (Reference 
Deer, Howie and Zussman, 1962). In the presence of iron oxides the 
following reaction takes place: 
-T = 67S°C 
pyrite magnetite 
,.___ 2FeS + 4Fe2 o3 
pyrrho ti te haematite 
Fine grained Illl.lscovites show an expulsion of absorbed water below 
400°c and at temperatures up to 900°C the expulsion of their structural 
water takes place (Deer et al, 1962). Pyrophyllite is dehydrated 
between 640°C and 8S0°C. In lower temperatures, this phyllosilicate 
remains stable. Thermal decomposition of serpetines (Chrysotite, 
Lizardite, Antigorite) takes place at about 600°C. A characteristic 
reaction describing the decomposition of serpetine is: 
2 Mg3Si205(0H) 4 
Serpetine 
T = 600°C 
----
Forsteri te Amorphous 
silica 
(iv) During the o:.-..13 transformation in quartz at 573°C, there 
is sudden change in density. The volume increases by 0,86 per cent 
at the phase change _and the axial ratio of the structure shows a dis-
continuous change. On heating a sample of quartz or quartzite 
through the transformation temperature inteTI18.l stress will be produced 
on account of the volume change at the interface between untransformed 
regions and transformed regions. Very uniform heating would be 
required to avoid this cause of stress. If the anisotropy of linear 
dimensions is ignored then the introduction of a small volume of a -quartz 
in place of an equal mass of a-quartz would result in an ''unconstrained" 
. f l; -3 2; -3 strain o 3 x 8,6 x 10 and a constrained strain of g x 8,6 x 10 
or about 2 x 10-3• 
It can be seen that the strains generated for the reasons con-
sidered above can attain values in the region of 2 to 3 x 10-3• 
- 25 -
The magnitude of the resulting tensile stress which may induce cracking 
is not easy to assess since the shape of the particles-andgrains will 
not be spherical as assumed in the above treatments. Stress concen-
tration geometries may increase the stress to values above those 
calculated above viz. 40-~300 MNm-2• The criterion for fissuring 
will then be the relative magnitude of the stress created and the 
measured strength of unnotched crystals and transgranular strength 
of quartzite. The former is given as 83 to 110 MNm - 2 while the 
latter will be considerably smaller. It can thus be concluded that 
considerable microfracturing will be produced and by supplying a 
rapid temp·erature increase to about 600°c. Further cracking could 
be produced by a subsequent quench from this temperature. 
3. 2. Experimental Techniques and Results 
3.2.1. The heating and quenching of the tensile strength 
testing specimens 
Brazilian tensile tests were made to compare directly the fracture 
energy requirements of heated and unheated specimens of the Witwaters-
rand quartzite of type B (Chapter 2). Cylindrical rock specimens of 
25 mm diameter and SO mm long, were used for the elevated temperature 
tests. A fluidised sand bath furnace was used to heat the specin~n 
under uniform and constant temperatures in the range l00°c to 600°C. 
A feedback signal control maintained for this furnace the desired 
temperature for every test, (witli a error smaller than.!._ 3°C). 
Another muffle furnace; was used for heating to temperatures, in the 
0 0 range 500 C to 1000 C. This furnace, in which the temperature 
distribution was less uniform than the one of the fluidized sand bath, 
was controlled by a thermostat with a maximum error of .!._1 15°C. After 
the heating of the rock specimens for standard times of 15 minutes, 
a quench into a room temperature water bath in less than 30 seconds was 
performed. After the thermal treatment, the specimens were dried and 
tested in the Instron Universal machine, according to the technique 
described in chapter 2. 
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The values of tensile strength obtained from rock specimens of 
type B after quenching from various temperatures are shown in figure .4 •. 
The strength falls continually with heating temperatures and a SO per 
cent reduction is achieved by heating the rock at 60o0 c and quenching 
in water. 
3. 2. 2. The examination of the thennal expansion 
Dilatometry was carried out on the three petrographical types 
(B, C and D), of quartzite rock and synthetic ·quartz (parallel to Z 
axis) samples. Specimens relatively free of cracks and defects, 
were carefully chosen and cut to the dimensions: length; 49,20 to 
49,70 nun; width: 3,00 to 3,50 nun; and height: 3,00 to 4,00 nun. 
Moderate rates soc/min. of heating or cooling of the tubular shaped 
furnace were controlled by a thennostat maintaining the desired 
temperature with a maxinrum error less than 0,8°C. A continuous 
measurement of the strain indicator output and the thermocouple output 
was obtained by a system operating via reflected light beams. Thennal 
dilation measurements were carried out for temperatures up to 900°C. 
The results of the dilatometry on quartzite and quartz specimens 
are shown in figure 5. • The curves for the thermal expansion of quartz 
crystals are very similar and approximate to those previously published 
(Kosu and Saiki, Reference Sosman, _1927 ). 
It should be noticed that the quartzite specimens (type D), which 
contain pyrites in their matrix in a reasonable quantity, show large 
dilations at temperatures above 600°t. This may take place due to 
decomposition or oxidation of pyrites, which was previously discussed 
(3.1.2.) The pennanent deformations measured after slow cooling from 
·. various temperatures, are shown in figure 6 for types B and D. The 
curves shows a smooth exponential increase with temperature and no 
discontinuity at the ex.-~ transition temperature. The permanent 
deformations are presumably due to microfractures which have resulted 
from the large strains generated during mineral transformations . 
. 3. 2 .3. The size distribution of the product of connninution 
achieved by both thennal and mechanical methods 
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shape of cubes of 10 nnn a side. The rock cubes were heated in a 
radiation furnace which had been set at given temperatures, from 400 
to 8000~. The quenching of the heated specimens took place ·in a 
nmning water bath. The cubical specimens were corrnninuted by 
compression, between the two parallel plattens of the Instron Universal 
Testing machine. The product was dry-screened by a laboratory screen 
vibrator for standard volume of vibration with equal periodical 
intervals for total screening times of 20 minutes. The size distri-
bution analysis of the connninution product of the compressed quartzite 
cubes is shown in figure 7, where the weight per cent retained on 
screen of stated size is shown. This way of presentation of the 
connninuted product, shows us that the heating at 400~C, 600°c, 700°c 
and 80o0c and the subsequent quenching in water obtains a finer product 
. than the untreated quartzite, and the connninution is improved as the 
treatment temperature rises. Presenting the size distribution of the 
thermally treated and connninuted quartzite specimens according to 
Rosin-Rannnler (Append.ix A), a slope of lIDity was folIDd 
for the product of a single connninution event of both untreated and 
heat treated at 400°C and quenched in water rock specimens (figure . 8 ) . 
Different size distribution was presented by the product of rock 
specimens heated at temperatues higher than 400°C and quenched in 
water. 
3.2.4. The reduction ratio and the number of particles 
produced by heating at various temperatures for 
increasing times and quenching in water 
Run-of-mine quartzite rocks, (type D) of volume 200 ml 
(deviation~ 20 ml) were selected for this experiment. The heating 
of the rocks took place in a fluidised bath furnace for standard 
times and the quenching ( < 30 seconds) in a water bath. For a limited 
number of experiments, the quenching took place in a vinegar bath. 
After each heat treatment the rock specimens became very ~.riable and 
disintegrated with little or no applied stress. The particles of 
the product of each thermal treatment were measured and counted. 
The reduction ratio R, defined as the ratio of the diameter of the 
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the nwnber of new particles N were the variables selected to describe 
the fragmentation taking place due to thermal treatments. 
The thermal disintegration due to heating and quenching alone was 
found to be influenced by both temp~rature and time at temperature. 
At 250°C, the reduction ratio fRwas practically equal to unity, although 
a small nwnber of daughter rock particles were separated in a form of 
surface chipping (figure 9). Longer times of heating at 250°C did not 
obtain better comminution results. Thus it appears that the time of 
heating the rock specimen has little influence at 250°C, for periods 
5 to 30 minutes. The low thermal stresses created at this tempera-
ture are not able to break the rock piece, but only to eliminate the 
irregularities and promote a spherical shape. When heating at 300°C, 
the thermal comminution also takes place in the form of a chipping 
actiong for heating periods up to 25 minutes (figure 9). After the 
rock piece had been heated at 300°C for 30 minute~, it divided into 
a number of daughter pieces from which two were large, approximately half 
of the size of the parent rock. The reduction ratio and the number of daughter 
particles were found to increase after heating at 450°C and 500°c 
(figures 9 and 10). The time dependence of the thermal stresses 
. . 0 0 
due to the. thernial treatment at 450 C and 500 C seems to correspond 
with a linear function of time versus heating, since the quenching 
procedure remained the same. The difference between the product of 
the thermal comminution after heating at 450° and soo0 c respectively 
and quenching in water was found to be negligible The heating at 
550°c and 590°C and quenching in water, was found to produce higher 
thenial disintegration characteristics than the ones of lower tempe-
' . 
ratures of heating (figures -.Q and 10). At the cx.-+S quartz 
transition point, 573°C'~· the disintergration characteristics were 
improved in a :rrnderate manner. Plotting the reduction ratio after 
heating for a period of twenty minutes versus the temperature of 
heating (figure ti), an exponential type of curve is obtained. This 
relationship shows that for heating temperatures higher than 450°C, 
the thernial disintergration provides a reduction ratio higher than 
two. In other words, the thermal treatments technique itself, 
without any additional contribution in- the form of mechanical energy 
i.e. impact or compression, can cormninute each rock piece to daughter· 
rock particles, to half or smaller, of its size, for treatment tempera-
tures higher than 450°C. 
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3.2.S. The detection of mineral liberation 
The determination of the degree of liberation of the mineral 
constituents of quartzite, was performed for particles without any 
thermal treatment, and for particles which were the product of thermal 
treatments at temperatures 400°C and 600°C with subsequent quenching 
in water. The particles of quartzite connninuted by the thermo-
mechanical treatments of section 3.2.3. were classified according to 
size, from +4 mm to -61lIIl, and examined by reflection microscopy in order 
to determine the degree of liberation 0f-the -mineral constituents of 
the Witwatersrand quartzite ore. A simple mnual sampling of the 
comminuted ore was applied by coning and quartering twice. Using a 
flat glass plate, ten random areas of ten neighbouring particles were 
examined in order to determine their degree of liberation, DL' defined 
as AL/Ac +AL with~ +Ac = 10, where Ar, is the number of the liberated 
particles (quartz, pyrites, phyllosilicates and Ac is the number of the 
composite particles. 
· The results of the mineral detection, which are shown in figure : l~, 
indicate that the mineral liberation of quartzite is increased after 
the therml treatments. For the particle sizes - 125 µ'ITl, which are the 
most important for the mineral processing, thermal treatments up to 
400°c, can achieve higher recovery rates for the useful mineral than 
the ones obtained by the conventional methods of comrninution. Plate 
8 shows pyrite particles, magnetically separated, as an example o :~ the 
mineral liberation due to heating at 600°c and quenching in water, 
3.2.6. Fracture detection techniques 
The following experiments were used to defect and measure the 
connninuting effects produced by thermal treatments. 
Sections (6 mm thick) of quartzite rock and synthetic quartz 
were polished on both sides to a 6 µm finish. They were heated in 
a fluidized bath furnace to several temperatures up to 600°C for 
fifteen minutes and then quenched in a water bath. In addition, 
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were heated in the furnace at ssooc and then allowed to cool slowly 
in the fluidized bath, for a period of 4 hours. - The specimens were 
then examined and photographed by reflection microscopy. The 
fracture density was an obvious function of the heat treatment para-
meters and many of.the fractures seen in the rock samples appeared to 
be associated with inclusion particles. The density of micro-
fractures was then determined by two different techniques, viz: 
the intensity of light from a fixed standard source transmitted 
through the specimen was measured by means of a photoresistant cell 
The recorded intensity will be a function ·of the number of internal 
fractures which disperse the light. A special technique was applied 
in order to use transmitted light microscopy. A polished thin 
section of quartzite, mounted on a glass slide with "Canada balsam" 
glue, was heated in a furnace at various temperatures in the range 
zooc to 400°C, between two 20 mm thick brass plates, in order to 
achieve uniform heat transfer conditions and to avoid the breakage 
of the glass slide. The slide was examined after cooling to room 
temperature. The attenuation of an ultrasonic signal was then: 
measured as a function of the temperature of the heat treatment. 
The specimens used in the above experiments were placed between a 
probe and a receiver and the signals were recorded on an oscillo~ 
scope. The attenuation is related to the density of the cracks 
within the specimens. Both techniques showed that a signigi-
~. . 
cant increase in the number of defects occurs in the specimens 
which hadbeen heated to temperatures above about 4z5oc (figure 13). 
Specimens which had been cooled slowly, showed some reduction in 
microfracturing. 
The transmitted light optical microscopy examination shows 
generation and/or propagation of cracks due to heating at various 
temperatures and quenching in water. Plate 9 shows the cracks 
formed due to heating at zoo0 c and quenching in water .. Cracks ·in the 
quartz pebbles together with a system of minor cracks are shown. 
The quartzite thin section, shown in plate 10, was heated at 4000C 
and quenched in water. The mounting epoxy used, in this case, has 
"decorated" the cracks formed, because "burning" took place at the 
regions where cracks were formed. Plate 11 shows intragrain cracks, 
generated in a 30 mm quartz pebble, which was heated at S90°C in a 
fluidised bath furnace and slowly cooled in the sand bath. The 
treated quartz· was etched by a .low concentration HF. 
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Liberated and magnetically separated particles taken from the comminuted 
product of compr ession t es t on quartzite D, after l!eating at 600oC and 
quenching in water . 
Plate 9 
111ennally induced microcracks in quartzite D aft er heating at ZCIJ°C and 
s low cooling . 
Pla t e 10 
· d d · k i·11 quartz1"te Dafter heating at 4CIJ°C and ll1ermally rn ucc m1crocr ac s 
slrn>' cooling. 
Pl at e 11 
'Jhennally induced microcracks in quartz 'pebble' taken from a Witwaters-
rand quartzite D, after heating at 590°C and quenching in water . 
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The quartzite particles, produced by the thermal cornminution 
treatments at temperatures up to soo0 c, were sampled by a coning and 
quartering and then prepared for SEM examination, according to the 
technique described in chapter 2. Microstructural features are 
shown in plates 12, 13. The shape of randomly selected thermally 
cornminuted rock particles was examined and the shape factors of 
fourty different particles were been determined. These factors 
were found to be approximately equal to the ones for the particles 
taken from the Brazilian tests C(ka = 0,5, k
0 
= 0,07). Sharp 
edges and cleavage facets were characteristic of the surface 
lll)rphology of thermally treated particle (plates 12, 14) while 
conchoidal ·marking were also observed (plate 1.5). 
Plate 12 
Fracture surface of a thermally corruninuted quartzite D, by heating 
at 80CPC and quenching in water . 
Plate 13 
~licrostructural defects , thermally induced in quartzite D, by heating at 
soooc and quenching in wat er . 
Plate 14 
Thennally ~omminuted particle of quartzite D, by heating at 700°c and 
quenching m water . 
Size detennined by sieve analysis: 
- 250 + 125 µm 
Area : 30508 µm2 
Perimet er : 246 , 8 µm 
ka = 0 , 5 
ko = 0 ,066 
Plat e 15 
Fracture patterns indicative of transgranular connninution on the surface 
of a thennally comminut cd particl e by h ating at 500°C and quenching in 
wat er . 
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CHAPTER 4 
THE S1UDY OF TI-IE FRICTIONAL BEHAVIOUR OF THE WI1WATERSRAND cpARTZITE 
4.1. Introduction 
4.1.1. General 
Friction is the resistance to motion which exists, when an attempt 
is made to rrove or maintain notion of a solid object tangentially with 
respect to the surface with which it is in contact. The friction 
between two rock surfaces i s very important in a wide spectrun1 of 
engineering applications. In engineering geology, the control of 
potential rock slides requir es information concerning the frictional 
behaviour of rocks. In mining, friction is involved in many processes, 
from the first stage of excavation through to materials handling and 
processing. In the mineral s processing stage, the frictional pheno-
mena are very important, since the cornminution process involves the 
mechanisms of abrasion and attrition. 
An examination of the f rictional behaviour characterised by the 
resistance in sliding under tangential action is aimed at in chapter 4. 
The experimental technique used is based upon the measurement of the 
magnitude of the frictional force at various con<ii tions of normal load 
sliding speed, surface roughness and environment, while the wear effects 
of two sliding rock surfaces are examined in chapter 5, using different 
experimental apparatus. 
4.1.2. The fricti on of inorganic non-metals 
Al though rrost fricti on studies have been done on metals, the 
frictional behaviour of some non-metallic materials has been investi-
gated. Studies on the friction between two diannnd surfaces (Wilks 
and Wilks 1959, 1972, Casey and Wilks 1973) as a function of the 
normal load, showed that the roughness theory of friction (Rabinowicz, 
1965) is verified, since the frictional force was found to be 
linearly proportional to the normal load and independent of the 
contact area. According t o this theory, when two surfaces slide 
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over .each other, work is required to move the surfaces against the 
normal load as they are forced apart when asperities ride over each 
other. In the course of ITDtion, particular asperities will even-
tually lose contact, and the load will then be carried on other 
asperities. Since the asperities are rough and jagged this trans-
ference of contact may take place abruptly and cause irreversible 
damage with some associated heat dissipation. 
The surface flow of glass produced during the sliding of a 
diaITDnd stylus was examined by Bowden and Scott (1958). They found 
that this flow occurs when the sliding speed exceeds a critical 
value, which -depends on the type of the glass. The surface tempe-
rature produced (from 400 to 1200°C) was also examined in relation to 
the softening behaviour of glass and the heavy wear of the sliding 
diaITDnd (Jaeger 1942, Bowden and Thomas 1954). Marsh (1964) 
suggested t11at t11e brittle fracture theories are inadequate for an 
explanation of the frictional behaviour of glasses. He found that 
even at room temperatures glasses flow plastically if the load i s-
high_. The fatique ·free flow stress was determ~ned by two method- viz . . 
by hardness tests using very short loading times and by hardness 
measurements in liquid nitrogen environment (very low temperature). 
Typical flow stresses in a 10 seconds test were found to be 0,05 E, 
where E Young's ITDdulus. 
Bowden and Hanwell (1966) studied the frictional behaviour of 
magnesiwn oxide, sapphire and quartz crystals sliding on themselves 
in high vacuwn. The authors suggested that the frictional behaviour 
of these non-metallic solids can be explained by theory expressed by 
Bowden and Tabor (1964). The frictional force between two sliding 
solids, according to this theory, is made up of two parts viz: the 
force required to shear the adhering junctions in the region of surf ace 
contact and the force required to deform the underlying crystal. 
They regarded that in the case of elastic solids the latter force 
is due to elastic hysteresis loss. However, if plastic deformation 
or fracture occurs, this force will represent the work required to 
produce this deformation i.e. to drag the surface irregularities 
through the solid and to plough out a track. 
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4.1.3. Changes in friction with sliding speed 
Little work has been done on the role of the sliding speed upon 
the frictional properties of solids since Coulomb first noticed d1e 
speed dependence effects on t he coefficient of friction in 1785 
(Bowden and Tabor, 1950). ~Bny empirical expressions have been 
proposed in order to describe this relationship, mainly for metal 
applications, such as railway brakes. The relationship between the 
frictional force and the .duration of static contact was studied by 
Kragelskii (1965) for a wide range of metals and non-metals used in 
braking systems. He found t hat in general the frictional force 
increases, when the duration of contact increases, in a manner 
described by the empirical equation: 
F = F - (F -F ) e-ut 
t ()'.) c: 0 
where Ft is the frictional force for a given duration of contact t 
F is the frictional force for an infinitely long duration of contact 
0) 
and F , that of zero duration of contact and u constant. Assuming 
0 
that F OJ and F 
0 
are characteristic for two surfaces in contact, 
Kragelskii's equation can be written as: 
log Ft = \ (e-ut) 
Changes in the sliding speed were found to influence the frictional 
force fluctuations taking place during sliding. Kragelskii (1965) 
suggested that this oscillatory process involves periods in which the 
surfaces are at rest and periods in which they are in motion relative 
to each other and both static and sliding frictional characteristics 
contribute to the setting up of these relaxation oscillations. 
4 .1.4. Changes in friction with normal load 
In 1699, Arnontons stated that "friction produces double the amount 
of effort, if the weight is doubled" (Bowden and Tabor, 1966). The 
validity of the so called Am:Jntons' law, which in other words states 
that the coefficient of friction of two sliding surfaces is inde-
pendent of the normal load applied L, has been verified for some 
metals (Whitehead, 1950). The frictional force applied on a diamond 
stylus sliding on the (110) pl ane of di amond in air and for loads up to 0,1 N, 
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was found (Bowden and Young, 1951) to follow the equation: 
2 
F = k L / 3 
1 
where k1 is constant related to properties of the sliding materials. 
A relationship of the form F = k1 L m or µ = k1 L m-l was proposed by 
Gralen (1952) and Archard (1958) in order to describe the effect of the 
normal load upon the coeffic ient of sliding friction of two sliding 
surfaces. When purely plas tic deformation is involved during friction, 
Archard (195)) usrng surface models involving the Hertz theory of 
deformation (Timesenko, 1934) suggested that rn = l.,while 
m = 2/3 for purely elastic and brittle deformation. For an inter-
mediate behaviour, Archard suggested that 2/3 < m < 1. 
4.1.5. The friction of rocks 
The problem of rock stability and the understanding of the seismic 
faulting phenomena were the reasons for the enorrrous effort paid by 
researchers in the fields of rock mechanics and geophysics respectively. 
Spurr (1958) found that the coefficient of friction of loose particles 
bebveen sl1ding parallel plates is approximately proportional to their 
Mohs hardness. The theory of tectonic friction assumes the validity 
of the roughness theory of friction, while Orowan (1958) proposed a 
mechanism of seismic faulting based on the brittle-ductile transition 
of the rocks which occurs at a particular high confining pressure, 
when frictional force along the fault surface exceeds the shear strength 
of the rock. Maurer (1965) found that friction does not vary signi-
ficantly with rock type and verified Orowan's theory, using a triaxial 
testing machine at confining pressure up to 117,3 MPa. 
The frictional characteristics of granite under high confining 
pressure were examined by s licing cylinders of the rock at various 
angles to their axes and s t ressing the resulting specimens in a 
triaxial testing machine (Byerlee 1967a, 1970) . He suggested 
that the controlling fricti on mechanism for this rock, is based on 
the brittle fracture of the surface asperities. Byerlee (1967b) 
also presented a theory of friction based on the brittle fracture of 
the peaks of asperities of the rock surface. He calculated values 
of the coefficient of fric t ion,µ, from the strength of asperities 
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of certain ideal shapes, such as cone and wedge, and correlated these 
different values with the observed changes of the frictional behaviour 
of geological materials wi th their surfa~e roughness. 
The frictional characteristics of gabbro, dunite and limestone 
were studied at different values of confining pressure by Byer lee, 
and Brace (1968) and Byerlee (1968). The confining pressure at 
which the brittle-ductile t ransition occurs was found to be depen-
dent upon the rock petrography. The presence of certain minerals 
in small fractions, for example less than 3 per cent serpetine, was 
found to lower the brittle-ductile transition values of confining 
pressure. 
The brittle-ductile transition behaviour of limestone was 
suggested by Olsson (1974) t o be dependent upon temperature, while 
-4 -8 -1 a decrease in displacement rate from 10 to 10 ms was found to 
have a little effect on the frictional properties of the rock examined. 
The initial surface roughness and the sliding speed were found to 
influence the frictional behaviour of rocks such as granite, gabbro, 
trachyte sandstone and marble (Hoskins, Jaeger and Rosengren, 1968). 
The authors examined the friction between rock surfaces by sliding a 
block with plane parallel surfaces between two others in a testing 
machine, while the normal l oad was applied by flat jacks. Dieterich 
(1972), examined the friction of sandstone, quartzite and granite 
rocks in relation to the magnitude and the duration time of appli-
cation of the normal stresses, using a similar apparatus to that used 
by Hoskins et al (1968) and found that the coefficient of static 
friction is proportional to the logarithm of the time that the ad-
jacent blocks remain in stat ionary contact before movement. The 
author offered two possible explanations relating to the size and 
the strength of adhesive junctions across the slip surface. Time 
dependent localized plastic flow in the area of the contact points 
can increase the area of junction. Alternatively, the size of the 
adhesive junctions remains constant but the strength of junctions 
increases with time due to t ime controlled breakdown of surface films 
or diffusion across the junction interfaces. 
Engelder (1976) examined the frictional tracks of granite and 
quartzite by a scanning elec tron microscope equipped for the energy 
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dispersion analysis of X-rays and suggested that the scratch hardness 
of the mineral constituents of the rocks influence their frictional 
proper:ties while the "frictional instability" of these rocks is due 
to shearing of asperities. The study of the behaviour of rock under 
the influence of high stresses in relation to the strength charac-
teristics of the material, may help the understanding of the defor-
mation phenomena of the rock asperities, which make up the true points 
of contact of the rock surfaces. Indentation hardness tests were 
therefore perfonned by _Brace (1960) for limestone, marble, anhydrite 
. and artificial rock salt. The author found that the Vickers hardness 
of the rocks examined are proportional to their compressive strength, 
suggesting that the deformation of the rocks is due to a combination 
of gliding (relative ITDvement of hard grains in soft nntrix) and 
microfracturing. A similar rrodel of rock behaviour under the 
influence of high stresses was also proposed by Hoek (1965). 
The basic principles and practical applications of indentation 
fracture of solids were reviewed by Lawn and Wilshaw (1975), while 
the indentation fracture in granite rocks was examined by Swain and 
Lawn (1976). When the flat surface of a rock is loaded with a hard 
indenter, the rock experiences a complex stress field. The geometry 
of the indentetion determines to some extent the mechanical response 
of the rock. The authors analyzed the stress fields for a blunt and 
a sharp indenter respectively, and emphasised the importance of surface 
energy and hardness in the overall crack propagation process. They 
noted that the microstructure of a mineral can influence both of these 
parameters. 
4.1.6. The influence of the environment on friction 
A study of the influence of the environment on the coefficient of 
sliding friction of rocks may not only be useful for applications like 
the control of rock slides in the presence of water (Jaeger, 1971), 
but also for the control of the overall frictional behaviour during 
conuninuti on. Lord Raleigh (1918) observed the effects of water on 
the frictional behaviour of glass. He studied paraffin oil lubri-
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cation phenomena and suggested that these derive mainly from the 
presence of a rronolayer of molecules. Hardy and Hardy (1919) and 
Doubleday (1922) examined the influence of some normal alcohols on 
the friction between a spherical glass slider and a polished glass 
plate. They found that the coefficient of static friction was in-
dependent of the normal load between 0,2N and 0,6N and the radius 
of curvature of the slider of 147,358 and 178 mm. They also found 
that the coefficient of static friction decreased when the number 
of carbon a toms in the IDJlecules of the normal alcohols used 
increased from 2 to 11. Doubleday (1922) also examined the 
influence of alcohols of the foTITil.lla c2H5CH(OH)CnH2n+l' for n 
values from 1 to 15. The coefficient of static friction was found 
to decrease linearly as n increased. Plotting the coefficient of 
static friction versus molecular weight (which is a linear function, 
of the carbon atoms contained in a rrolecule of each alcohol) he found 
a straight line, with the exception of methylpropylcarbinol 
ethylpropylcarbinol and ethyldodecylcarbinol. Doubleday could not 
explain this frictional behaviour, especially the one due to 
ethyldodecylcarbinol. Similar results were obtained for steel 
on steel plates, where the values for the coefficient of static 
friction were lower than the one of glass on glass. Plotting the 
values of the coefficient of static friction for steel on steel in 
the same manner as for the glass on glass results, Doubleday found 
two parallel lines, with the same discontuity points at n = 1,2 and 
12, but he could not explain these frictional behaviours. The 
influence of surface films on the frictional behaviour of diarrond was 
examined by Bowden and Young (1951). An adsorbed oxygen layer was 
found to reduce the coefficient of diamond from 0,5 to 0,05, for two 
sliding diamond surfaces under a normal load of 0,36 N. The frictional 
behaviour of a diam:::ind sliding on glass, was also found dependent on 
the humidity of the atmosphere. A boundary lubrication mechanism for 
non-metallic solids, similar to the one proposed for metals (Tabor , 1952), 
was suggested by Bowden qnd Tabor(l964). Thus over the regions of contact the 
load is mainly supported by the boundary film. However, some inter-
action occurs through this film, with the formation of minute junctions. 
The presence of surface films, consisting of a few molecular layers, 
bebveen the sliding diamond 3:11~ magnesium oxide or sapphire crysta.:l, was fol.Uld 
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to reduce the friction by a f actor of ten, in relation to the friction 
values in vacuo. The friction of water-saturated samples of sand-
stone gneis and granite was found to be smaller than the friction of 
dry samples (Jaeger, 1959, Byerlee· 1967). Large changes from 0,2 to 0,8 
coefficient of sliding friction of a sapphire ball sliding on glass 
surfaces and of the coefficient of friction of a diamond pyramid indenter 
on magnesium oxide crystals were measured by Macmillan, Huntington and 
Westwood (1974), in dimethyl sulphoxide of different concentrations 
and normal alcohols of increas ing rrolecule chain length environments. 
The frictional behaviour of these materials was found to be influenced 
by the surfactant concentration and the nwnbers of carbon atoms per 
molecule of the normal alcoho l s. These .phenomena were explained by 
the authors in terms of the zeta potential correlation theory 
(Westwood, 1974). The influence of normal alcohols on the frictional 
behaviour of glass spheres sl i ding on silicon carbide paper was also 
studied by Wiederhorn and Roberts (1975). The authors found that the 
coefficient of friction between these two materials decreased conti-
nuously as the number of carbon atoms per rrolecule of normal alcohol 
increases. This function was found to be non-linear, obtaining a 
minimum value for the coeffici ent of sliding friction for dodecyl 
alcohol, and for normal heptyl alcohol, as it was found by Macmillan 
et al (1974). The time dependence of the chemomechanical effects 
(Ahearn, Mills and Westwood, 1976) could explain the above differences 
in the influence of the normal alcohols on the frictional behaviour of 
the materials used, sin:.e sliding speeds of 8,33 x 10-6 ms -l were 
used by Macmillan et al (1974) , and those used by Wiederhorn and 
Roberts (1975) were not report ed. 
4.2. Experimental Technique 
The experiments were des i gned to measure the friction between the 
circumference of a disk shaped upper slider and a cylindrical lower 
-7 surface during controlled sliding at speeds from 4,23 x 10 to 4,23 x 
-3 -1 10 ms (Plate 16). The use of cylindrical surfaces moving with axes normal to 
each other, facilitated the study of the deformation of the lower surface 






The s liding device used for the tests on the frictional behaviour of 
quartzite rock surfaces . 
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Each of the rock samples used for both upper and lower specimens 
was cut from the same drill core of quartzite C (Chapter 2). 
For the experiments, which aimed to establish the role of the 
surface roughness of the rock specimens on their frictional proper-
ties, two flat surfaces were cut parallel to the axis of synrrnetry of 
the nother cylinder. The curved surfaces of these specimens were 
gently abraded under water on a succession of carborundum paper of 
decreasing roughness, ending with a grade which left irregularities 
on the surface of the order of 100 run in height. 
The arrangement of the apparatus for measuring friction is 
shown in plate 16. 
The lower specimen was IIDunted on a table, which was rroved at 
constant velocity on a carr i age which was supported by two linear 
bearings. The upper specimen was clamped to a pivoted arm, which 
above the upper specimen had a centrally positioned load platform. 
Nonnal loads were applied t o the upper specimen by placing dead 
weights on the platform. A counter weight, positioned at the other 
end of the pivoted arm, fac i litated the accurate application of the 
nonnal loads. The whole device was IIDunted on the crosshead of the 
Instron Universal testing Im.chine and the carriage was pulled along 
by a stiff cord which was attached via two pulleys to the load cell of 
the testing machine. 
The frictional force generated during sliding caused a deflection 
of the base table and consequently of the cord connected with the 
Im.chine load cell. Various precautions were taken to ensure that the 
frictional force was applied along the track of sliding and to 
minimize errors arising from torsion and asynrrnetry. The estimated 
maximum error in the measurement of friction force was ~5 per cent. 
The experimental variables considered were normal load, sliding 
speed and envirorunent. To Im.ke a measurement, a known load was placed 
on the platform, which was then lowered gently to bring the upper rock 
specimen into contact with the lower one. Both of the friction 
surfaces were wetted iwth the particular liquid envirorunent before the 
_\ 
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beginning of each test. Then, the Instron Universal rnachine crosshead 
started pulling the table on which the lower specimen was nnunted, at 
a selected speed. The Inst ron X-Y recorder was recording the fric-
tional force as a function of the displacment of the crosshead (figure 14). 
For every experiment, the static frictional force and the mean value 
of the sliding frictional force were taken. 
4.2.1. -Examination of initial surface roughness 
The term roughness refers only to relatively closely spaced 
surface irregularities produced by the drilling of Witwatersrand 
quartzite from the hanging wall, main reef and footwall ore. Every 
type of quartzite had a characteristic surface roughness, 
closely related to the grain size of the rock. 
The "mean surface" is defined as the surface located so that 
volume of peaks above it is equal to the volume of valleys below. 
The "central line average" - (CIA) of the surface is the result of 
taking a great many uniformly spaced measurements of the distance 
of the actual surface from the mean surface and averaging them. 
The instrument used to measure surface roughness was a Talysurf. 
This instrument has a probe with a stylus which is traversed over the 
specimen. Vertical mvement of the stylus is measured, averaged and 
displayed directly as the "central line average". Standard surfaces 
are furnished with the instrument and calculations were made on those 
before each set of measurements. An amplified recording of the 
surface profile, by the vert ical novement of the stylus, is also 
provided by the ''Talysurf" i nstrument. Typical surface profiles for 
each type of rock specimen used, were recorded (plate 17) . 
4 • 3. Results 
4.3.1. Dependence on the sliding velocity 
The results from the fr iction tests on quartzite surfaces, 
-7 -4 -1 sliding at speeds from 4,23 x 10 to 21,15 x 10 ms and under 
constant normal load of 20 N are shown in figures ls· to 17 .. These 
tests were performed in dry, distilled water, acetone, toluene, oleic 
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Figure 14 
Relationship between nonnal load and frictional force indicative of the 
















Plate 17 (a) 
Typical surface profile , as obtained by the Talysurf profilometer, for 
~olished quartzite surface 
CT.A = 93 run 
Plate 17 (b) 
Surface profile as obtained by the Talysurf profilometer, for a friction 
track produced by a test at sliding speed of 8,46 x lo-S ms-1 and under 
normal loa<l of 20N. 
Environment: .Acetone 
Initial: CLA = 900 run. 
CLA: 190 nm. 
Pl at e 17 (c) 
'Iypical surface pr ofi l e , as obtained by the Talysurf profil omet er for 
"as r ece ived" quar t zit e surfaces used for the f r ict ion t es t s . 
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Relationship between coefficient of sliding friction and sliding speed 
irl pure toluene, pure oleic acid,0,1 M sodium hydroxide and distilled 
water envirorunen ts. '· 
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4,23 x 106 4,23x105 4,23x104 -3 4,23x 10 
SLIDING SPEED, ms-1 
Figure 16 
Relationship between coefficient of sliding friction and sliding speed 
in pure n-ethyl, n-butyl and n-heptyl alcohols, pure ethylene glycol 
and distilled water envirorunents. 
Nonna! load applied 20 N (Logaritlunic scales). 
• 
4,23x1()6 4,23x1Q5 4,23x164 
SLIDING SPEED, ms-1 
Figure 17 
Relationship between coeff icient of sliding friction and sliding speed 
in acetone for rock surfaces of different surface finish. 
Nonna! load applied: 2CN . 
(Logaritlunic scales). 
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acid, ethylene glycol, 0,1 M sodil.Ilil hydroxide, n-bu~yl and n-heptyl 
alcohols respectively. The coefficient of friction for each of 
these environments was found to be dependent upon the sliding speed, 
in a different manner for each of them. 
The coefficient of sliding friction was found to increase with 
the sliding speed in dry environment (figure 15}, while a maximum 
value of this coefficient was obtained in the other environments 
used at sliding speeds from 4,23 x lo-6 to 4,23 to l0-4 ms-1. Large 
values of the coefficient of friction were observed in n-heptyl 
alcohol environment, which at the sliding speed of 8,46 x l0-6 ms-1 
was equal to 0,9, in comparison to the values 0,62 and 0,45 obtained 
inn-butyl alcohol and oleic acid at the same speed (figures 15 and 16). 
4.3.2. Dependence on normal load 
The frictional force was measured under normal loads in the 
range 5 N to 70 N, at a speed of 4,23 x lo-5 ms-1. The tests were 
performed in dry, distilled water, normal butanol, normal heptanol and 
normal octanol environments. The dependence of the frictional force 
octanol on the normal load applied in dry and water environments is shown 
in figure 18 while the dependence of the coefficient of friction on the 
normal load applied is shown in figure 19. Similar relationships in 
figures 18 and 19 were obt ained for the other environments used. The 
coefficient of sliding friction changes with the normal load presenting 
maximum and/or minimt.nTI val ues at different values of normal load in 
each of the used environments. 
The frictional force F-normal load L relationship of two sliding 
quartzite surfaces was analysed graphically, in order to determine the 
values of the parameter m of the equation F = kLm or log F =log k1+mlogL. 
The graphical determination of the values of k (error~ 0,05 N) has 
given different values in each environment, which are listed in table IV. 
Using the graphically determined values of the parameter k, the values 
of the parameter m were determined, using the experimental values of 
nromal load and frictional force, and these are listed in table V. 
Although the change of the parameter m with the normal load was found 
to be different in each of the environments used, conman characteristics 
can be observed at table V. When the magnitude of the applied normal 
loads is small m is smaller than the critical value of 2;3 according to 
the analysis proposed by Archard (1958) . As the applied normal 
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Figure 18 
Relationship between frictional force and noTinal load in dry, distilled 
water and pure n-butyl, . .. . n-heptyl and n.:...octyl alcohols enviroQJnents, 
Sliding speed : 4,23 x lo-5 ms-1. - · 
(Logaritlunic scales) . 
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Figi.rre 19 
·'. 
Relationship between coefficient of sliding friction and 
norrral load in dry~ dis t illed water and pure n-butyl, n-heptyl 
and n-octyl alcohols environments. 
Sliding speed: 4,23 x lo-5 ms-1. 
(Logarithmic scales). 
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0,66 and for loads higher t han a critical value of load, which is different in 
each envirorunent, ril is equal to 0,66. For much larger nonnal loads m 
is larger than 0,66. In water envirorunent, this change of m with 
the nonnal load in relation with the critical value of 0,66 is charac-
terised by normal loads which are smaller than 20 N, between 20 and 
50 N and larger than 50 N respectively. In dry enviro~nt these 
values of normal load are SO and 65 N, while in n-butyl alcohol are 
35 and 45 N. 
4.3.3. Dependence on initial surface roughness 
Friction measurements for rock surfaces of different surface 
roughness (900 run and 300 run CLA.) were performed in an acetone environ-
ment, under a constant load of 20 Nat sliding speeds 8,46 x 10-S to 
-4 -1 8,46 x 10 ms . The obt ained values for the coefficient of sliding 
friction are in figure 17_. The coefficient of sliding friction was 
found to be smaller when the average height of the surface asperities 
is reduced while its dependence upon the sliding speed is expressed 
by a similar type of curve for both used types of surf ace roughness. 
Friction measurements for surfaces of different surface roµghness 
were also performed in n-butyl alcohol envirorunent, under normal loads 
ranging from 5 to 70 N, at a constant speed of 4,23 x 10-5 ms-1 . The 
results of these friction t ests, using specimen.S of 700 run and 90 run CLA., 
are shown in figure 20. The values of the coefficient of sliding 
friction obtained by the polished quartzite surfaces were foillld to be 
much smaller than the 'as received' drill core surfaces. For example 
µ is smaller than 0,24 for the polished surfaces while the value of 
0,58 is obtained by the as received surface at normal loads of 15 N. 
The dependence of the coefficient of friction upon the normal load 
is described by two different types of curves (figure 20). A 
maximum value equal to 0,4 is obtained at 60 N normal load for the 
90 nm CLA. surfaces, while a minimun value of 0, 5 is obtained by the 
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Relationship between coefficient of sliding friction and 
normal load in nonnal butanol envirornrent for rock surfaces of 
different surface finish (700 and 90 run CLA). 
Sliding speed: 4,23 x l0-5 rns-1. 
(Los:raritlun;r. sca1 Ps1 _ 
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4.3.4. Microscopic examination of the friction surfaces 
The sliding surfaces pr oduced were examined microscopically sub-
sequent to the experiments and analysed as a function of the condi-
tions of sliding speeds, normal load, initial surface roughness and 
environment. 
No distinguishable sur face damage on the sliding track was 
observed for tests performed under loads smaller than 15 N for a 
-5 -1 constant sliding speed of 8,46 x 10 ms or under normal load of 
-5 -1 20 N for speeds lower than 4,23 x 10 ms , using Witwatersrand 
quartzite specimens of C type (Plates Ui, 15:> '). For loads between 
15 and 40 Nor sliding speeds between 4,23 x 10-4 and 4,23 x 10-S ms-l 
only the tips of the surface asperities fail by brittle cleavage 
fracture (Plates 20_ to 31) . For normal loads higher than 40 N 
-4 -1 or sliding speeds higher t han 4,23 x 10 ms the formation of 
distinc~ friction grooves was found to take place (Plates 32 to 36). 
The width of these friction grooves was found to be 150 to 450 ;J.m 
according to the experiment al conditions. The size and friction 
debris observed by SIM, wer e found to be approximately 500 run to 
SO nm. The larger debris particles appeared to have angular edges 
as would expected for a bri ttle fracture product, while the fine 
gouge-debris were found to adhere on each other without possessing 
distinguishable angular edges. 
Plate 18 
Surface morphology of a friction track taken from a test at sliding speed 
of 8,46 x 10- 7 ms-1 and under normal load of 201 . 
Environment : water . 
No surface damage is dis tinguishable . 
:# .. - -. !".. .:.,, • • • .,.,_,. ... . · ... 
# . .. ... 
Pla t e 19 
Surface morphology of a friction track t aken from a t est of sliding speed 
of 8,46 x 10-S ms - 1 and under nonnal load of lQ\J . 
Environment : water . 
. 'Jo surface damage is dis tinguishable . 
Plate 20 
Surface morphology of a friction track taken from a tes t at s1iding 
speed of 8 , 46 x l o-S ms - 1 and under normal load of 20i . 
Environment : water . 
Some surface damage is distinguishab le . 
Plat e 21 
Surface morphology of a friction track taken f rom a tes t at sliding 
~pe?d of 8, 46 x l o-S ms - 1 and wider nonnal l oad of 15 . 
Environment: wat er . 
A light s ur face damage i s dis t i ngui shable . 
Plate 22 
Surface morphology of a friction track taken from a test of sliding 
s peed of 8,46 x lo- 5 ms-1 and under normal load of 20N. 
Environment: water . 
Some surface damage is distinguishable. 
Plate 23 
The same fric t ion track , as at plate 22 , at higher magnification . 
Plate 24 
Surface morphology of a friction track taken from a test at sliding 
speed of 8,46 x lQ-5 ms-1 and under normal load of 35N. 
Environment: '"a ter. 
Plate 25 
The same friction t rack , as at pl ate 24 , at higher magni ficat i on. 
Plate 26 
The same friction track, as at plate 24 , at higher magnification . 
Pl at e 27 
The same f riction track , as at plate 24 . 
Plate 28 
'lhe same friction track as at plat e 24 . 
A cavi t y , possibly r esultant .of a grain removal dur ing friction . 
Plate 29 
'!he floor of the cavity shown in plate 28 , w1der ·higher magnificat ion . 
Plate 30 
Surface morphology of a friction track taken from a test at sliding speed 
of 4,23 x lo-5 ms-1 and under normal load of 20N . 
Environment: ethylene glycol. 
Plate 31 
1he same friction track , as at plate 30, under higher magnification . 
Plate 32 
Surface morphology of a friction track taken from a test at sliding 
speed of 8, 46 x lQ-4 ms -1 and under normal load of ZON . 
Environment: water . 
The groove formed is indicative of the occurence of both plastic flow 
(smooth finish) and brittle fracture phenomena (rough surface and 
presence of sharp , comminuted particles) . 
Plate 33 
'!he same friction track , as at plat e 32, at higher magnifica t ion . 
Sharp connninutecl particles and microcracks are dis t i nguishable on 
the fonnecl friction groove . 
Plate 34 
The same friction track , as at plates 32 and 33, tmder higher 
magnification. 
Plate 35 
Surface morphology of a fr iction track taken from a test at sliding 
speed of 8,46 x l0-4 ms-1 and under normal load of 20N . 
Environment: n-butyl alcohol. 
Plate 36 
The same friction track, as at plate 35, under higher magnification . 
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TABLE IV 
Values of the frictional parameter k1 in.different environ-
ments. 
Environment k1 , N 
Dry 0,60 
Water 0,47 
Nonnal Octanol 0,4S 
Norm.:tl Heptanol 0,40 
Nonnal Butanol 0,42 
TABLE V 
Values of the frictional parameter m in different environments 
and nonnal loads applied. 
Normal Load Dry Water n-Butanol n-Heptanol m-Octanol N 
s 0,46 O,S2 
10 o,ss O,S6 O,S7 O,S4 
lS O,S8 O,S8 0,60 0,61 0,60 
20 O,S7 0,63 0,62 0,60 
2S O,S8 0,6S 0,63 0,63 
30 O,S9 0,6S 0,64 0,61 
3S 0,60 0,66 0,64 0,63 0,61 
40 0,61 0,66 0,66 0,64 
4S 0,60 0,66 0,68 0,64 0,64 
so 0,6S 0,66 0, 70 0,6S 
SS 0,66 0,67 0, 70 0,68 0,66 
60 0,66 0,67 o, 71 0,68 0,67 
6S 0,67 0,69 0, 71 0,69 0,68 
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GIAPTER 5 
Tiffi STIJDY OF Tiffi ABRASION OF QJARTZITE SURFACES 
5.1. Introduction 
When two surfaces are rubbed against each other, frictional 
phenomena take place resulting in m:i terial . rennval. · The wear 
mechanisms of friction between t wo brittle solids, despite the great 
interest in many engineering applications, are poorly understood. 
Glass and diamond are the materials, which were the subject of the 
early studies of abrasion. Preston (1922) investigated the 
structure of abraded glass surfaces and the flow produced in glass by 
stationary,rolling and sliding spheres. Tolkowsky (19 20), (reference 
from Denning, 1953) proposed that abrasion of diamond on diarrond 
proceeds by mechanical chipping on a microscopic scale. He found 
that the rate of JIB.terial r ennval was proportional to the speed of 
rubbing. Denning (1953, 1955, 1957) also examined the abrasion of . 
diamond surfaces, in relation to. the orientation of the crystals, and 
found changes with the direction, ·in the cutting behaviour of diamond with the 
direction of cut Wilks & Wilks (1959, 1972) found great differences in the abra-
sion resistance on the various faces for different directions of abrasion 
of diarrond. Seal (1958) also examined the abrasion of diamond on 
diarrond. He found that, although the variations in the coefficient 
of friction with sliding dir ection were small, the resulting variation 
in the wear due to abrasion were large. Lawn and KoJIB.tsu (1966) and 
Frank, Lawn, Lang and Wilks (1967) studied the nature of surface damage 
suffered by the abrasion of diarrond by X-Ray topographic means, and 
concluded that a microcracking mechanism is involved in the wear 
process. More work on the abrasion of diamond confirming Tolkowsky's 
postulation, was done by Wilks and Wilks (1972) and Wilks (1973). 
Sapphire (Al 203) has also been studied extensively in relation 
to it's abrasion behaviour. Steijn (1961) found that the wear of 
synthetic corundum ( a,-A1 2o3) crystals was a function of crystallo-
graphic orientation with respect to plane of wear and rubbing direction. 
Evidence of plastic flow at the wear surface was also found • The 
plastic deformat i on of Al 2o3 by abrasion was also studied by Hockey 
(1971, 1972). This author provided direct evidence, by transmission 
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electron microscopy, that thi s nonnally brittle material is deformed 
plastically at room temperature during abrasion. A nodeL for the 
abrasion processes was proposed by Lawn, Swain and Phillips (1975), 
using the infonnation derived from rnicrofracture patterns produced 
beneath standard hardness indenters. According to this model, plastic 
deformation phenomena take pl ace during the loading of the indenter or 
of any indenting sharp po:ints , median vent cracks initiate and sub-
sequently propagate radially . Upon unloading the indenter lateral 
vent cracks initiate and extend laterally from the deformation zone 
toward the specimen surface. The second type of cracking is the rrost 
important in terms of wear. The distribution of s.tresses at the 
boundary between the plastic deformation zone and the elastic matrix, 
during the indenter withdrawal is associated with the chipping frac-
ture phenomena . 
Lawn (1975) suggested that the wear during abrasion is related 
with the material "hardness", which is indicated by the width of the 
track produced by "plastic" deformation by a sliding particle. 
The "hardness" of the material , is a rate-depende,nt quantity, varying 
with the abrasion conditions for example environment or load rate (sliding 
velocity). Veldkamp and Klein Wassink (1976) investigated the energy 
required to rerrove a unit vol ume of brittle materials, such as SiC 
- . 
sintered alumina, glass or s t rontium hexaferrite. At very shallow 
penetration depths' of a sharp scratching point the surface morphology 
was indicative ")f purely duc t ile grooving . For higher loads applied 
on this sharp scratching point, cracks are associated with the ductile 
ploughing resulting in chippi ng phenomena. The specific energy of 
the latter case was found to lower than the one of the ploughing action. 
The value of this energy was found to be 3,1 x 103 Jm-3 for sintered 
alumina. 
The influence of the flushing fluid during diamond drilling was 
examined by Cooper and Berlie (1976) for marble and granite rocks 
using different feed force and rotation speed. The authors did not 
find any large differences i n the measured penetration rates between 
surface active environments, such as normal alcohols and water. 
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5.2. Experimental Technique 
5.2.1. Specimens 
Quartzite drill cores* of 35,5 and 42,2 rrnn diameter and approxi-
nately 180 rrnn length were used. A selection of the drill cores was 
performed in order to maintain petrographical uniformity of the rocks 
used and to avoid surface f laws or included impurities. The samples 
selection was completed by petrographic observations in a reflected 
light optical microscope and initial surface roughness measurements 
were performed by a Talysurf profilometer. The rock samples, were 
washed with 50°C water and subsequently dryed in a 70°c drying cabinet, 
for 30 minutes. This procedure has been followed before and after 
each test in order to avoid errors in the mass loss determination. 
Abrasion tests were performed with Witwatersrand quartzite specimens of 
the four petrographical types, classified as A, B, C, and in the manner 
described in chapter 2. 
5. 2. 2. Apparatus and procedure 
The abrasion tests were performed, by rotating two quartzite 
drill cores, orthogonally against each other. Loads were applied 
nonm.l to the axes of the rotating drill cores, by an ESH-Universal-
testing nachine via a pair of idler rollers, (Plate 37) while the 
rotation speed and torque was kept constant at the desired values by 
a pair of thyristor controlled OC-rnotors (Appendix F). The appa-
ratus, shown in plate 38 consists of an L shaped rig, on which the 
two IDJtors are fixed. · . The power transmission from the motors to 
the rock specimen holders is effected by a pair of universal joints 
(Appendix G ) • The abrasion testing apparatus WR~ munted on the 
base table of the testing machine (Plate 39n, for which both load 
I 
actuator and load cell were aligne9-. over the base table. The applied 
normal load is controlled by a closed loop signal system (Appendix F.· ) • 
A closed loop signal system is also applied to the motors by the 
thyristor control unit which maintains constant armature voltage and 
constant armature current. An additional instrumentation, consisting 
*Kindly supplied by the Chamber of Mines Research Organization. 
Plate 37 
(a) Components of the power transmission system used from the motors to 
the rock spec imens . 
(b) Component s of the clamping device used for the drill core quartzite 
specimens . 
(c) A quartzite drill core specimen held by the clamping device . 
Plate 38 
The abrasion testing apparatus housed in a mild steel waterproof 
frame and attached to the ESH machine. 
The ESH servohydraulic universal t esting machine. 
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of two DC-voltmeters and two DC-ammeters are attached in parallel and 
in series respectively, in order to rronitor the feedback signal during 
the course of each test. The verification of the thyristor signal 
for the control of the const ant rotation speed desired is maintained 
by a pair of DC-tachogenerat ors which rronitor directly the rotation 
speed of rrotor shafts. RPM-meters, attached to the tachogenerators, 
give a continuous reading of the RPM of each motor. This signal is 
also recorded by time-based chart recorders. Another time-base 
recorder rronitors the load applied by the ESH-machine. In this 
case it is necessary to amplify the load-signal, in order to observe 
the load fluctuations accurately. The flow of the liquid environ-
ments used was continuously applied on the abrading surfaces during 
each test by means of an adjustable tap, positioned in such a way, 
as to ensure the steady rerroval of the wear particles. A low 
pressure was applied by giving the liquid environment ahead of 0,8 m. 
In order to maintain uniform distribution of the surfactant reagents, 
some of which are immiscible at the concentration required, mechani-
cal agitation was applied in the form of a rotating impeller. For 
better mixing conditions, water at 4S°C (.:!:_ 4°C) was used, during the 
course of all the abras.ion tests performed. A continuous output of 
the flowing environment with the wear particles was maintained by 
housing the abrasion rig in a waterproof mild steel frame (plate 38) 
and samples were collected for microscopical examination. 
Quartzite rock samples attached to the specimen holders were 
kept orthogonally to each other via two pairs of idler rollers. 
Before the two rock surfaces come into contact, they were wetted with 
- - -1 
the test environment. Subsequently a constant flow of 2 t min 
was established. The two rocks were carefully brought into contact, 
by means of the displacement control of the ESH machine before the 
starting of their rotation. The selected load was gradually applied 
to the rock specimens, while the thyristor controls were used to 
select the rotation speed. A time-switch, connected in line with the 
AC power supply of the rrotors maintained the tests periods to an 
accuracy of~ 2 seconds. During each abrasion test, the test 
variables of load, rotation speed and torque were kept constant with 
the following deviations, rronitored via the instrumentation units. 
- so -
A deviation of ~ 5 per cent for the load, was observed during each 
abrasion test and was due to the stick-slip of the interlocked 
surface asperities of t he rubbing specimens. 
(Figure 21). A minor deviation on the load applied, ~2 per cent 
was due to an instrumentation error ("noise"). A deviation of 
~4 per cent was observed for the rotation speed, during each 
abrasion test performed, while the torque was kept constant, with 
a ~S per cent experimental error. The wear of the quartzite 
specimens was determined by two methods. The first was the measure-
ment of the rrass loss, i.e. the difference in rrass before and after 
each test, determined by means of a balance with an accuracy of 
-6 +l x 10 kg. The second was the measurement of the depth and the 
width of the wear groove, by means of a micrometer with an accuracy 
of~ 10 µm. 
The reproducibility control for the abrasion testing apparatus, 
~"!-s performed by fifteen tests for each· petrographical type of the 
Witwatersrand quartzite , presenting an experimental error ~2 per 
cent, for in the measured rrass loss the coefficient of linear 
wear cp and the width of the abrasion track w. The rrass loss -r, 
expressed in 10-o kg. r epresents the difference in rrass, before and 
after the test and the coefficient of relative wear A is defined as: 
'r 
A-r = -renvi2onment/ -r wa ter. The coefficient of linear wear <p , is 
given by 10 ( D-D') /D where D is the initial specimen diameter and D' 
is the specimen diameter at the surface region of the abrasion track. 
The abrasion track width w is expressed rrnn. The values of -r, "--r, cp 
and w represent the average of the values obtained from both the 
upper and the lower abrading specimens. 
5.3. Results 
5. 3 .1. The effects of the rock petrography 
The petrography of the rock was found to influence the abrasion 
behaviour. The fine grained quartzite, designated as A, was found 
to wear at the rate of 560 x 10-6 kg per a 10 minutes test in a water 
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PROPANOL IN WATER 
RPM: 240 
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TIME, SECONDS 
Figure 21 
Relationship between nonml load and time during an abrasion 
test. ~ The occurence of the stick-slip phenomenon is indicated. 
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The fine to medium and the medium grained quartzites, designated as 
Band C respectively, were f ound to wear at the average rate of 600 
and 710 x 10-6 kg per a 10 minutes respectively, under the same testing 
conditions. The argillaceous type of quartzite, designated as D, was 
found to behave in the same manner as the_ fine grained quartzite, when 
the abrasion was taking place into its fine grained matrix, while ITD..lch 
higher wear rates were obtained when the abrasion involved the quartz 
"pebbles". The last case did not give reproducible results, since 
the size, orientation and r elative position of the quartz "pebbles" 
were variable. For a total number of 24 tests on argillaceous 
quartzite, which presented coarse average grain size, the mean value 
of 690 x 10-6 kg, per a 10 minutes test, wear rate due to abrasion, 
under the above described t esting conditions of load, speed and 
environment. 
The results obtained from 15 representative drill core specimens 
of the Witwatersrand quartzite for a 10 minutes period abrasion tests 
in water environment under 100 N load and of 240 RPM speed and their 
respective values of the tensile strength, obtained via Brazilian 
tests, are shown in table VI. Figure 22. shows that the wear due to 
a~rasion increases when the tensile strength of the rock decreases 
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The influence of the rock petrography upon the mass loss due to 
·· abrasion for the types A, B and C of the Witwatersrand quartzite, 
expressed by the tens ile strength of the drill core specimens. 
The role of the grain size upon the wear rate due to abrasion 
is also shown. 
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TABLE VI 
Wear due to abrasion data for the A, B and C petrographical 
types of the Witwatersrand quartzite, classified via their respec-



















































Track Rock Tensile Width, Type Strength, w_, nun ael'-1Pa 
6,3 c 9,91 
6,3 c 10,95 
6,0 c 10,35 
6,4 c 12,12 
6,5 c 14,07 
6,2 B 18,75 
6,4 B 18,94 
6,0 B 19,75 
6,4 B 20,17 
6,2 B 21,80 
6,2 B 21,95 
6,0 A 23,20 
6,3 A 23,75 
6,4 A 24 ,11 
6,3 A 24,93 
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5.3.2. The effects of the environment 
5.3.2.1. The effects of the chemical nature of 
the environment 
Selected surfactants in aqueous suspension were used, in order to 
examine the role of the environment on the wear of the two quartzite 
cylindrical specimens rotating at 240 revolutions per minute under a 
100 N normal load for a period of 10 minutes. Since variation in the petro-
graphy of ·each quartzite tupe (A, B, C and D) results in a small scatter of the 
wear values obtained, five tests for each drill .core used, were performed. 
The first two tests were carried out in water and the following three 
in a particular environment. This sequence was followed for all the 
tests because chemisorption phenomena are not, in general, reversible 
under the cleaning and drying procedure, which was used. The results 
of a total of forty tests perf ormed inn-methyl, n-ethyl, n-propyl, 
n-butyl, n-pentyl, n-octyl alcohols, in 0,05 M thallium chloride and 
in 0 ,OS M aIT1IIDnium carbonate are shown in figure 23,. The results are 
presented in terms of the coef ficient of relative wear A , versus the 
T 
nwnber of carbon atoms of normal alcohol N , while the values c 
obtained for water, thallium chloride and aIT1IIDnium carbonate environ-
ments are shown separately. Each point represents the average of 
mass loss measurements obtained from three tests in the environment 
examined divided by the average of the mass loss obtained from two 
tests in water, for the same pair of rock samples positioned by the 
same way in the abrasion testing apparatus. The surfactant concen-
tration in each environment used, was 2 per cent by volume in water. 
The wear characteristics of abrasion were found to depend upon 
the chemical nature of the chemical reagent present. Although the 
concentration of the n-alcohols used was very small, 2 per cent by 
volume in water, their respective nwnber of carbon atoms Nc was 
found to influence the comminution events of abrasion. A maximum of 
the wear characteristics was found for N~ = 5, while the smallest values 
were found inn-methyl and n-octyl alcohol environments. 
Figure 23 
0:: 















~ 20 UJ • 
3: 
UJ 1.8 > -~ 
_J 1.6 w 
0:: 
LL 
0 1.4 .._ 
z 
w -1,2 u -LL • LL 














' \ ., 
\ 
\ 

















1 2 34 5 6 78 
Ne, NUMBER OF CARBON ATOMS OF 
NORMAL ALCOHOL 
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Relationship between coeffi cient of linear wear, coefficient of 
· relative wear, track width of the abrasion groove and number 
of carbon atoms of nonna.l a lcohol. 
Nonna! load: lOCN. 
Rotation speed: 240 RPM. 
Ccncentration used: 2 per cent by volume in water 
C O,OSMarnmonium carbonate:A.'t= 0,56, cp=0,74 and w = 6,3 nun). 
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and n-pentyl alcohols. 1he presence of O,OSM thallilUil chloride was folllld 
to enhance cornminution during abrasion in relation to water tc a similar 
extent as in · · n-propyl alcohol, while poorer comriri.nuhon results 
in relation to water were obt ained in_ the presense of O,OSM arrunonilUil car-
bonate ( A.'r = 0, 56, cp = 0, 7 4 and w = 6, 3 nun) . 
5.3.2.2. The effect of the concentration of the 
surfactant used 
1he effects of the concentration of the surfactant in the aqueous 
environment on the wear of the two rock samples was examined for a 
range of concentrations of ethyl alcohol in water. Ethyl alcohol 
was selected because it has a wider range of solubility than the 
other nonnal alcohols examined. Additionally, the test operation 
conditions maintained during the use of ethyl alcohol at high concen-
trations in water at 4S°C, were the best in comparison with the other 
alcohols examined, in terms of safety. 1he results of the abrasion 
tests are shown in figure 24 where the coefficient of relative wear AT 
and the coefficient of linear wear cp versus the percent by vollUile 
concentration of ethanol on a logarithmic scale are presented 
respectively. An approximately 9 per cent error on the concen-
trations used, was found by density determinations. For all the 
experiments of this series the rotation speed of the rock specimens 
was 240 (~ 10) revolutions per minute, while load of 100 N (~ 5 N) was 
applied. Maxirrn..un wear characteristics were obtained by concentra-
tions of 1 per cent by vollUile in water. 
5. 3. 3. The influence of the · applied load 
The magnitude of the load applied on the rotating rock specimens, 
was varied both in water and in 1 per cent by volwne of n-pentyl 
alcohol in water environments in order to establish its influence on 
the abrasive wear. The results of tests performed under loads of 
25, 50, 7 5, 100 and 125 N are shown in figure 4-5. where the mass loss 
and track width are plotted as a function of load. Force fluctua tions 
introduced an error of approximately ~ 5 per cent on the desired load 
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experiments was kept constant at 240 revolutions per minute. The 
power capacity of the -rrotors (07kW for each rrotor) did not allow us to 
r -
perform tests for higher values of load applied, at the constant rota-
tion speed of 240 revolutions per minute. 
The wear rates due to abrasion were found to increase with the 
normal load in both environments of the used environments and the rate 
of increase of wear characteristics obtained by the environment 
containing n-pentyl alcohol was found to be larger than the one of 
water environment. 
5.3.4. The influence of the rotation speed and the 
process time 
The rotation speed of the rock specimens was varied in water and 
in 2 per cent by volume normal propyl alcohol in order to establish 
the influence of speed on the wear due to abrasion and to assess the 
rate dependence of the effects of a surfactant. The results of the 
abrasion tests performed at rotation speeds between 100 and 600 
revolutions per minute (i.e . speeds between 0,22 and 1,33 ms-1) are 
shown in figure 26. These results are presented in the form of mass 
loss per revolution, coefficient of linear wear per revolution and 
track width per revolution versus the revolutions per minutes for 
tests of 10 minutes. 
An error of + 5 per cent was introduced in the above values due 
to the presence of the load fluctuations of the abrasion process. 
For power capacity reasons, it was not possible to achieve higher 
rotation speeds under the load of 100 N. 
No significant change in the wear effects of abrasion was 
observed within the range of the used rotation speeds in both of the 
environments. 
The wear characteristics of abrasion tests, in water and 1 per 
cent by volume n-butanol in water environments wer e examined for 
test periods of 10, 20, 30, 40 and SO minutes, while the applied 
normal load was kept constant at 100 N. Figure 2 7 shows the wear 



















0:: I 0 
8 <( ...... 
L1J x 
z -_J z 
LL 0 6 0 -J-
J- :::> _J z 0 






0:: > L1J 
UJ 0:: 
Cl.. -E 
I E 20 
J-










·- T --..- - • • 
• -t- -• ......--
/ 
/ • -t---• -- • / 
/ 
·- s-- -j-·-~ 
• 
-t • ---- "' --• 
100 200 300 400 500 
REVOLUTIONS PER MINUTE 
• NORMAL PROPANOL 





Relationship between mass loss per revolution, coefficient of 
linear wear per revolution, track width of the abrasion groove 
per revolution and revolution per minute of the rock specimens. 
Environments used: Water and n-propyl alcohol 2 per cent by 
volume in water. 


























w :E ....... 
u 
0:: ....... 
LL w · 
LL a. w 
0 
u 









< z ....... 












·-- -*----• ---+ 
--
10 20 30 40 50 
TIME, MINUTES 
• NORMAL BUTANOL 
1 PER CENT BY VOLUME IN WATER 
•WATER 
Relationship between mass loss per minute, coefficient of 
linear wear per minute, track width of the abrasian groove and 
abrasion tiire. 
Environments used: 
Nonna.l load: l CCN. 
. .-. 
Water and n-butyl alcohol 1 per cent by 
volt.nre in water. 
- 56 .,,.. 
coefficient of linear wear per minute and track width per minute. A 
small decrease of the wear rates per lillit time was observed for in-
creasing process times as mi ght be anticipated from geometrical changes. 
The mass loss per lillit time of the abrasion tests performed in the n-butyl 
alcohol aqueous environment was folilld to be larger than the mass loss 
per unit time in water, for all of the times used. 
5.3.5. Scanning Electron Microscopy examination of the 
abrasion surface and wear particles 
The surface morphology of the abrasion grooves is characterised 
by sections with smooth extruded appearance and others with rough 
finish. (Plates 40 to 49.) The abrasion grooves look similar to the 
metal bearing surfaces, such as roller bearings, fall by surface 
spalling fatigue. The ploughing tracks are indicative of t he 
occurence of plastic flow, while fracture facets and patterns indicate 
the occurence of brittle fracture. The ratio of the total area 
indicative of plastic flow t o the total area showing brittle fracture 
sections was folilld to change with the conditions of the abrasion 
process, such as environment , speed or normal load. The surface 
morphology of the abrasion grooves, compared to the surface mor-
phology of an "as received" drill core specimen (Plate SOI _ and tfie 
one of the same specimen t aken after cutting by a diamond-cutting 
wheel (Plate 49) shows the complexity of the process. 
The quartzite particles taken from the product of the abrasion 
were found to have angular and irregular shape, while very fine 
coagulated particles were also found to be present (Plates 51, 52). 
The abrasion detritus was folilld to be very similar to the particles 
observed on the friction tracks of the plates 33, 34, and 36. 
Plate 40 
Surface morphology of an abrasion groove taken from a test in 1 per cent 
by volume n-pentyl alcohol in water. 
Normal Joad : SON . 
Ro tation speed : 200 RPM . 
Both plastic flow an<l brittle fracture phenomena are indicative by the 
ploughing tracks, simil ar t o the ones of the abrasion of met als and 
the fracture surfaces respectively. 
I 
Plate 41 
A region of the abrasion groove shown in plate 40, under higher magnification . 
On the plastic flow section of the groove ( A ) the presense of very fine 
abrasion detritus is indicative of the so called 'shaving ' action (.Bowden 
and Tabor , 1964) . 
On the brittle fracture section of the groove ( B ) the phyllosilicat es 
flakes present at the floor of the groove cavity are indicative of a 
grain removal by intergranular fracture . 
Plate 42 
i\ region of the ahrosion groove sho1m in plates 40 and 41. 11w presence 
of det r itus of colloidal dimensions is indi cat ive of plastic flow 
phenomena . 
Plate 43 
Surface morpho logy of an abrnsion ,,,roov tak n from a test in _ per ent 
by ,·olume nonml propyl alcohol in \later . 
\onnal load: 1 >J . 
Rotation speed : -l RP>!. 
Both plastic flow and brittle frncture are indicated , in th smn 1mnner 
as in plate 40 but in different state of equilibriwn beNeen the t\W 
occuring mechanisms . 
Plate 44 
A region of the abrasion groove sh0\\fl1 in plate 43, W1der higher magnifi-
cation. 
Transgranular fracture is indicat ive by the cleavage facet (A) . 
Plate 45 
Surface morphology of an abrasion groove taken from a test in water . 
annal load: SON. 
Rotation speed : 200 RPM. 
Plate 46 
A region of the abrasion groove shrn~ i n plate 45. 
Plate 47 
A region of the abrasion groove shown in plate 45, illlder higher 
magnification. 
The surface morphology and the presence of very fine detritus are 
indicative of plastic flrnv phenomena C A ) while the fracture 
surfaces are indicative of removal of material via brittle 
fracture ( B ) . 
Plate 48 




Surface morphology of an abrasion groove taken from a test in 
1 per cent nonnal pentanol by volume in water . 
Normal load : SON. 
Rotation speed: 200 RPM . 
A plane cut orthogonally . to the abrasion groove by a "Rimlock 
Diamond Cut-Off" blade of 203 , 2 nun diameter , rotating under 
142S RPM by a 233 , 3 W - 220 V AC motor, in water environment . 
The morphology of the cutting surface is indicative of the occurence of 
corruninuting mechanisms employing only fracture phenomena in comparison 
with the surface morphology of an abrasion groove which employs both 
fracture and plastic flow phenomena. 
Plate SO 
Typical su rface morphology of an as received quartzite drill core . 
(Quart zite of type C. Tensile strength 12 , lS M.Pa) . 
Plate 51 
J\brasion detritus taken from a tes t in water . 
Normal load: SON . 
Rotation speed : 200 RPM . 
The size distribution of the abrasion detritus falls within the range of 
11 \.Lm to 0 , 5 p.m , 1vhile their shape is irregular. 
Pl at e 52 
f\brasion detritus taken from a t est in 2 per cent by :volwne ethanol 
in water . 
ormal Joad: lCON . 
J~otat ion speed : 200 RPM . 
The size <listrjbution of the abrasion detritus falls within the range of 
34 to 99 ~un , while their shape is irregul ar . 
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CHAPTER 6 
THE AlITOGENOUS MILLING BEHAVIOUR OF THE ROCK 
6.1. Introduction 
Milling is generally treated as a physical process controlled 
by the mill geometry, speed, type of 1 iners · and wear media. The 
milling environment, particularly for wet milling is examined 
usually in terms of pulp density. This is used as an empirical 
indication for the mill perfo:nnance. The control of the milling 
envircnrnent, as a primary variable of a milling system has not been .· ,- . . 
tmdertaken and little attention has been given to the physical and 
chemical properties of the environment. 
Schweyer (1942) investigated the effect of the viscosity of the 
fluid medium on the milling efficiency of a batch scale ball mill 
using dry, water, 49,7 per cent, 75 per cent and 95,4 per cent 
glycerol in water for milling times of 4 to 164 hours. He suggested 
that the ftmction of .the fluid is to separate the particles and thus 
to prevent "cushioning" by the finely corrnninuted mass. However, 
the fluid also tends to absorb the shock of impact when the wear 
media fall and to lubricate the action when the balls roll over 
one another. He detected changes in the ball milling behaviour, 
but he could not derive any quantitative relationship between the 
milling efficiency and the liquid environment. Similar work was 
done by Hackings, Volin and l\1ular (1965) , for the milling of 
quartzite in a batch scale rod mill in a corn syrup and water 
environments of varying visG:osity. The authors found that the 
milling efficiency was independent of the viscosity up to the level 
of 20 cP, while poorer cornrninution results were obtained for 
higher viscosities. They suggested that this difference in milling 
behaviour was ma.inly due to the liquid flow characteristics, viz. 
turbulent flow for low viscosities and laminar flow at the higher 
viscosities. Kapur, Mular and Fuerstenau (1965) observed that the 
density of the envirorunent results in a preferential corrnninution of 
the heavy mineral components. Clarke and Kitchener (1968) using 
glycerol-water mixtures and fine mineral powders in suspension 
observed an influence of the rheology of the mill contents upon the 
' milling efficiency. They agreed with the theory of Schweyer (1942), 
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but they also mentioned that a decrease in the coefficient of sliding 
friction rray be involved when the viscosity of the milling environment 
increases thus suggesting that IOC>re work should be done on this aspect. 
"Most authors have tried to explain the influence of the environment 
upon milling via a single physical property of the environment. For 
example, Clarke and Kitchener (1968) observed that the fine solids 
dispersed in the liquid environment rray enhance connninution, but they 
tried to explain this phenomenon only in terins of physical properties 
of the liquid environment. However, the system is complex and 
dynamic and the mechanisms of comminution IIRlst first be studied 
individually as a function of the many variables. 
1be study of the agglomeration phenomena which occurs during 
connninution mainly in dry environments, is another field in which the 
influence of the environment has been examined. Rumpf (1958, 1959> 1973) 
stated that the presence of the fresh fracture is very iniportant in 
terms of milling efficiency, due to the adhesion of the fine 
connninuted particles to each other and to wear media and liners and 
the resultant cushioning effects. Gregg (1968) suggested that the 
surface activity of the freshly connninuted flaky particles of sub-
sieve size results in the occurence of a "coagulation process" which 
hinders further connninution. Papadakis (1960) suggested that 
agglomeration activity reduces the new surface area produced, in a 
rranner, that is dependent upon the geometry of the wear media and the 
mill, while Beke (1964) found that agglomeration is a function of 
temperature. Locher and v~n Seeback (1972) measured the forces of 
adhesion between cement clinker particles in various environments~ 
and found that while these forces are strong in a dry environment 
they are reduced in the presence of organic<liquids like ethylene 
glycol and butylamine. The surface activity of the fine corrnninuted 
particles, in the milling environment was found in general to reduce 
the milling efficiency. The above workers tried to study the agglo-
meration phenomena in order to avoid the disadvantages of the presence 
of fines during dry milling. 1bey were unable to propose a 
mechanism explaining agglomeration, although they postulated that 
van der Waals and electrostatic forces are involved. 
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Electrokinetic phenomena are utilized in mineral seperation tech-
niques by the use of a wide range of surface active reagents, wh,ile 
systematic studies,of the zeta-potential of dispersed fine solids in 
pure aqueous and organic liquids-aqueous environments have been 
perfonned, (Yousef, Arafa and Boulos, 1971, YUcesoy and Yarar, 197 4) . 
From the time that Rehbinder (1947) found that the speed of pene-
tration of a drill into hard rocks could be increased by the presence 
of various environm~nts, experiinental milling tests have been per-
formed (Snow, 1970) in electrolytes and in_pure an~ diluted organic 
liquids in order to improve milling efficiencies of quartz 
and quartzite. For example, Frangiskos and Smith (1957) also used 
environments described as "hardness reducers" for laboratory stamp 
milling tests of quartz and limestone. The authors found that in 
comparison with pure water, certain surfactants enhanced corrnninution 
in a manner which is influenced by the concentration of the surfactant 
used and the impact magnitude and frequency of their connninuting device. 
In trying to explain these results in terms of Rehbinder's hypothesis, 
Pryor (1957) suggested that the enhancement may derive from changes 
of pH and viscosity of the mill charge and the resultant variations 
in the flocculation or the dispersion of the solids in the milling 
environment. Kuznetsov and Taube (1969) suggested that the enhancement 
in corrnninution may be due to a preferential weakening of the mineral 
constituents from the rock matrix. They also found that the dispersed 
so1ids, influence the connninution efficiency, with a considerable 
increase in corrnninution during the synchronous presence of the solids and 
surfactants. Snow (1970) reported a number of industrial milling 
applications, particularly in cement corrnninution, where enhancement 
up to 50 per cent may be achieved by the use of surfactants in the 
milling environment. 
From the work reported, it appears that the enhancement of 
connninution by the control of the milling environment is certain, to 
the extent that patents on the use of additives have already been 
established (Bartha, 1969). The mechanism of enhancement seems to 
be IIDre complex than Rehbinder's theory which is based on the reduction 
of the effective surface energy of the solid. From the milling 
results reported and from the separate examination of the main 
corrnninuting mechanism of abrasiolf (chapter 5) it appears that the 
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environmental effects on comminution are dependent upon the relative 
speed of the comminuted particles, the load applied on the particular 
particles in contact, the concentration of the aqueous environment, 
the petrography of the rock and the chemistry of the environment used. 
The intention to overcome a disadvantage of autogenous milling 
(the suitability problems of a given ore:fora sufficient application) 
by the control of the milling environment requires an assessment of 
its role under the complex conditions which occur in the mill. The 
results of these tests will be analysed in combination with those of 
the more idealised fracture, friction and abrasion tests of chapters 
2, 4 and 5. 
6 . 2. Experimental -techniques 
In the first series of the laboratory testing for autogenous 
milling, we aimed at the establishment of conditions similar to the 
ones of a production scale mill. Rounded "pebbles" and a finer mill · 
feed were used to represent a portion of the contents of an autogenous 
mill, during an intermediate phase of the industrial process. In 
the second series of laboratory tests for autogenous milling, the mill 
charge size distribution was scaled to be as a typical run-of-mine 
feed of a production scale mill of the South African gold industry.(Stanley, 
1977, 1975). In the third series of experiments, the mill 
charge was similar to the one of the second series, .but it consisted 
of two milling periods, while three milling periods were employed in 
water and dry environments. 
6.2.1. Material 
Witwatersrand quartzite rocks, of the type Band C taken from 
the run-of-mine product of the Leslie Mine, Union Corporation were 
comminuted to smaller sizes by small scale jaw crushers. The product 
of the jaw crusher was classified. by means of a laboratory screen 
vibrator to the sizes -25+12,5 mm, -12,5+9,51 mm for the coarser 
particles and to the sizes -9,51+4,CD mm, -4,CD+2,00 mm and 
-2,00+1,CD mm for the finer particles. The screening was dry and 
·.:-
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during the size classification an effort to control the uniformity 
of the rock particles classified was attempted by manual rerroval of 
the particles having irregular flaky shapes (British standards, 1959 '· 1970, 
1975). Quartzite particles of -25+12,S mm, rounded by a SO hours 
dry milling session (of a SO per cent of the mill volume charge of 
rock particles of -S0+2S mm) were used in the first series of the 
laboratory autogenous tests. 
6.2.2. Milling Apparatus 
The milling was carried out by a batch type mill having i'nternal 
diameter 166 mm and internal volume 3,21 litre and srrooth ceramic 
internal surface. The rotation of the milling tube was performed 
by a pair of rubber coated idler rollers and the rotation speed of 
the drive roller was monitored by a tachogenerator. The mill tube 
was rotated at 99 revolutions (~ 2 revolutions) per minute and an 
electronic timer was used to control the milling periods of the 
tests performed. 
6.2.3. Milling procedure 
In the first series of the milling experiments performed, a 
mass of 1,000 kg (.::_ l,S per cent) of rounded quartzite particles of 
.:.2s+l2,S mm size was milled with a mass of 4,SOO kg (~ 0,4 per cent) 
of quartzite particles of 4 mm size, taken from the product of the 
laboratory jaw crusher used. A volume of 1 litre of each liqu:ld 
environment was used in each test. The charge was milled for 
120 minutes. In the second series of experiments a mill charge of 
volume representing 30 per cent of the internal mill volume was used, 
consisting of 1 kg (~ l,S per cent) of -2S+l2,S mm particles, 1 kg 
(.:!:_ 0,4 per cent) of 9,Sl mm particles, 0,2SO kg (.:!:_ 0,4 per cent) of 
4,00 mm particles, O,lSO kg (.!_0,4 per cent) of 2,00 mm particles 
and 0,1 kg (.::_ 0,4 per cent) of 1,00 mm particles of quartzite taken 
from the product of the laboratory jaw crusher. The 
volume of the liquid envirorunent used for each test was 0,2SO litre. 
In the third series of the milling tests performed, the feed 
consisted of the +l mm product of a milling test from the secqnd 
series of tests. Additionally mass equal to that of the 1 mm 
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product was added, with a size distribution analogous to the one of 
the second series, in order to maintain the 30 per cent by volume 
mill charge conditions. 1he milling was performed for a period of 
120 minutes. In water and dry environments, the above procedure 
was repeated for one IIDre cycle, resulting in a total milling time 
of 360 minutes. 1he volume of the liquid environment used for 
·every milling period was 0,250 litre. 
After every milling period of 120 minutes the milling tube was 
tipped forward and the pulp was collected. 1he contents were wet-
screened in the first stage in order to remove the +9,51 IlIDl coarse 
material. The -9,51 IlIDl milling product was dried and then subjected· 
to screen analysis. 1he screening was performed by a laboratory 
screen vibrator for a standard volume of vibration with equal 
periodical intervals. 1he total screening time was 40 minutes, 
while the size classification procedure was assisted by a 40 kPa 
vacuum. After the screening, an. size fractions were weighed and 
.the size distribution of the milled product was computed. 
6.2.4. Reproducibility of results in relation to the 
milling periods 
1he relatively long milling periods were used in order to ensure 
the reproducibility of the milling results. Four milling tests 
were carried out for each of the periods of the 10, 30, 45, 60, 75 
and 120 minutes. For periods longer than 60 minutes, the deviation 
of the s~ze distribution of the mill product between the three tests 
performed in the same liquid environment was found to be acceptable 
since it inCluded the same values for each size as the ones of the 
mill feed. 
6:2.5. Milling environments 
1he milling environments used can be classified into the following 
three categories: 
(a) . Single phase environments, with characteristic physical 
and or chemical properties. 
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(b) Environments of liquids with characteristic physical and 
or chemical properties in aqueous suspension and inorganic 
salts diluted in water. 
(c) Environments of dispersed fine solids in water or in aqueous 
environments containing liquids or inorganic salts as above. 
Table VII shows the environments used and classified into 
the above categories for each series of the tests performed. 
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TABLE VII 
Milling environments used 
(a) Single environments 







Second series of 
tests 











iso .-Propyl alcohol 
n-Octyl alcohol 
iso:-Pentyl alcohol 
50 per cent by vo-· j 
ltune in ethylalcohol 
n-Butyl alcohol 
iso-Propyl alcohol 
(b) Organic liquids and inorganic salts in aqueous suspension 
·First series of Second series of 
tests tests 
Milling time: 120 mins Milling time: 120 mins 
. 
n-Propyl alcohol 50 per n-Octyl alcohol 10 per 
cent by volume cent by volume 
n~Bu~l alcohol 10 per Oleic acid 10 per 
. • .cent y volume cent by volume 
' 
Ethylene Glycol, 50 per 
cent by volume 
0,1 M Annnonium carbonate 
0, 5 M Amnonium carbonate 
0 ,5 M Sodium chloride 
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TABLE VII (Continued) 
(c) Dispersed solids in liquid environments 
Second series of 
tests 
Milling time: 120 mins 
Distilled water with 
9 per cent by weight 
of -45 µm solids 
Distilled water with 
21 per cent by weight 
of -63+45 µm solids 
Distilled water with 
26 per cent by weight 
of -45 .µm solids 
isO-Pentyl alcohol 10 
per cent by volume 
in water with 14 per 
cent by weight of 
~45 µm wolids 
isO-Pentyl alcohol 10 
per cent by volume 
in water with 14 per 
cent by weight of 
-63+45 µ,m solids 
Oleic acid 10 per 
cent by volume in 
water with 14 per 
cent by weight of 
-63+45 µm solids 
Thallium chloride 
1 per cent by weight 
with 14 per cent by 
weight of -63+45 .µm 
solids 
Third series of 
tests 
Milling time: 240 mins 
Distilled water with 
26 per cent of 
-45 µm solids 
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6.2.6. Scanning electron microscopy study of connninuted particles 
Rock particles were taken from both test and laboratory autogenous 
mills. These particles represent various stages of the milling pro-
cedure. for the test plant and various milling times for the laboratory 
mill. A coning and quartering technique was used for the sampling of 
the particles to be examined by SEM. The techniques used for the 
preparation of the SEM specimens were the same as described in chapter 
2,4 
An analysis of the scanning electron micrographs, was performed in 
order to evaluate the shape characteristics of the rock particles 
examined, in relation to the comminution conditions involved. The 
variables used to characterise the two dimensional image of the 
particles were, the particle image area A, the perimeter P and the 
maximum diameter Dm. A planimeter, a chart-odometer and a micrometer 
respectively were used for these measurements. 
Two shape factors were used viz. the surface shape factor ka 
defined as A/DZ and the outline area shape factor ko, defined as 
A/p2. (For a sphere ka = 0,785 and k
0 
= 0,0796). 
The particles examined were randomly selected from the micrographs 
and for each particle image, two surface, three perimeter and three 
diameter measurements were performed. -Ten particles were examined 
for each of the following categories: 
(1) Run-of-mine fine particles (Leslie mine, Union Corporation). 
(2) Fine. particles taken from the interior of an "Aerofall" 
test autogenous mill (in two series of samples). 
(3) Fine particles taken from the cyclone overflow of the same 
mill, as at (2). 
(4) Fine particles, taken from the product of our laboratory 
autogenous milling tests, in aqueous environments and for 
a milling period of 120 minutes. 
(5) Fine particles, taken from the product of the laboratory 
mill in environments containing surface active environments 
such p.s normal alcohols. 
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(6) Fine particles, taken from the product of the same mill as 
at (4), in aqueous environment and for a milling period of 
240 minutes. 
(7) Fine particles, taken from the product of the laboratory 
mill in aqueous environment and for a mill:iI1g period of 
360 minutes. 
6.3. Results 
6.3.1. The first series of the milling tests 
The milling efficiency (i.e. the mass of fines found by the size 
distribut'ion analysis of the product) obtained from tests in inorganic 
salts and organic reagents was found to be larger than the milling 
efficiency of water. Arrnnonium carbonate O,lM in water, Wa.s found to 
contribute to the production of a larger quantity of fines (figure 28), 
than the other environments used in this series of tests. Higher 
concentrations of the same salt was not found topromote enhanced 
connninution. Arrnnonium carbonate 0 ,5 M, presented lower corrnninution 
efficiency than the previous environment (figure 28). The enhance-· 
ment of the comminution characteristics in 0,5 M sodium chloride in 
comparison to the water environments was found to be smaller than the 
ones in 0,1 and 0,5 ammonium carbonate (figure 28). Pure methyl 
alcohol was found to obtain better milling efficiency than pure 
toluene (Figure 29) while n-propyl alcohol SO per cent by volume iri 
water and n-butyl alcohol 10 per cent in water were found to enhance 
autogenous comminution in.a better manner than ethylene glycol 50 
per cent in water. 
6.3.2. The second series of the milling tests 
The results obtained in our batch scale autogenous milling tests 
of the second series , the feed of which is shown in figure 30, show 
that there are significant differences among the size distributions 
of the products corrnninuted in different environments. 
99. 
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Figure 28 
12500 25000 
Size distribution of the product of laboratory autogenous 
milling tests of the first series, presented according to the 
Rosin-Rammler method. 
Milling environments used: Ammonium carbonate O, 1 M and O, 5 M, 
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Figure 29 
12500 25000 
Size distribution of the product of laboratory autogenous 
milling tests of the first series, presented according to the 
Rosin-Rarnmler irethod. 
Milling environirents used: Pure rrethyl alcohol, pure toltiene, 
wateri• n-·propyl alcohol SO rer cent 
by VO trrne Ill water, n-butyl alcohol 
10 per cent by volwne in water and 
ethylene glycol 50 per cent by 
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Figure 30 
Typical size distribution of the feed used for the second 
series of the laboratory autogenous milling tests. 
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Milling envirorunents consisti;n.gof pure liquid reagents, viz. n-butyl 
alcohol, water, iso-propyl alcohol and n-octyl alcohol (figure~ 
3l)were found to obtain better milling efficiency, according to the 
order of their reference, than the dry envirorunent. The milling 
envirorunent consisting of SO per cent by volume of iso-propyl alcohol 
in ethyl alcohol (figure 31) was found to obtain approximately the 
same milling efficiency as the.one of pure n-butyl alcohol 
·nilute surff!.ce •active reagents, viz. n-octyl alcohol .(figure 32) 
were found to present different milling behaviour than their similar 
behaviour in their pure form. The presence of connninuted._quartzite · 
particles in water was found to result in ch::inces in 
milling efficiency, as it is shown ~in fig1:1Yes 33 and 34, 
in a manner dependent upon the qu~ntity (per cent by weight 
in water) and the size of these solids. 
Composite envirorunents, consisting of both organic reagents and 
connninuted particles in aqueous suspension were found to enhance 
co:mminution in a considerable manner. The presence of 14 per cent .. 
by weight of -63+45 µm particles in an envirorunent of 10 per cent 
by volume oleic acid in water, was found to improve connninution 
(figure '34.) • The largest corrnninution efficiency found to be obtained 
in an environment consisting of 10 per cent by volume iso-pentyl 
alcohol and 14 per cent by weight of -45 µm connninuted solids in 
water (figure ;4). Larger particles, of -63+45.µm, in an envirorunent 
with the same characteristics, i.e. 10 per cent by weight solids and 
10 per cent by volume iso-pentyl alcohol were found to obtain slightly 
smaller milling efficiency. The presence of an inorganic salt, such 
as thallium chloride together with solids, 14 per cent by weight of 
-63+45 _µm, was also found to produce a large milling efficiency (Figure 34). 
6.3.3. The third series of the milling tests 
The results obtained from our batch scale autogenous milling tests 
show that the dependence of the comminution efficiency on the milling 
· time is different for each envirorunent used. Al though the milling 
efficiency-obtained by water was found to be smaller than.the one 
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ALCOHOL 
MILLING. TIME 120 MIN. 
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Figure 31 
12500 25000 
Size distribution of the product of laboratory autogenous 
Milling tests of the second series, presented according to the 
Rosin-Rannnler method. 
Milling environments used: Water, dry, pure iso-propyl alcohol, 
n-octyl, n-butyl alcohols and iso- · 
pentyl alcohol 50 per cent by volume 
in ethyl alcohol. 
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Figure 32 
12500 25000 
Size distribution of the product of laboratory autogerious milling 
tests of the second series, presented according to the 
Rosin-Rannnler rrethod . 
Milling environments used: n-octyl alcohol 10 per cent by· 
volurre, oleic acid 10 per cent by 
voltnne and water. 
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•WATER 
+ 26 PER CENT BY WEIGHT OF -45µm SOLIDS 
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··Figure ·33 
Size distribution of the product of laboratory autogenous 
milling tests of the second series> presented according to the 
Rosin-Ramrnler method. · 
Milling environments used: Water with 9 per cent by weig.11t 
Milling tine: 120 minutes. 
of -45 µn, water.with 26 per cent 
by weight of -45 µm solids, water 
with 21 per cent by weight of 
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Figure 34 
12500 25000 
Size distribution of the product of laboratory autogenous 
milling tests of the second series, presented according to 
the Rosin-Rammler method milling environments used iso-pentyl 
alcohol 10 per cent by voltnne in water with 14 per cent by 
weight of -45 pm solids, iso-pentyl alcohol 10 per cent by 
· voltnne in water with 14 per cent by weight of -63+45 l-ID1 solids, 
oleic acid 10 per cent by voltnne with 14 per cent by weight 
solids of -63+45µ.m, thallitnn chloride 1 per cent by weight with 
14 per cent by weight of -63+45· µn solids, and pure water. 
·Milling time: 120 minutes. 
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opposite was found to occur for total milling time of 240 minutes 
(figure 35). The milling efficiency obtained in iso-propyl alcohol 
was .found to be approximately the same as the one in n-butyl alcohol 
environment (figure 35), while a significant difference in comminution 
characteristics was observed for 120 minutes milling. The fine 
particles which are present in water n-octyl alcohol and dry environ-
ments was found to influence the comminution efficiency in a similar 
manner with the one observed at the second series of milling tests 
(figure 34) . Figure 36 shows that the milling efficiency in water 
is also larger than the one in dry environment for total milling time 
of 360 minutes . · 
6.3.4. Surface morphology of autogenously milled particles 
The run-of-mine particles used for the experiments were found to 
be angular with smooth. surfaces, indicating the influence of the 
material transfer and storage from the excavation to the mill, upon 
the character of the particles shape (Plate 53) . Very fine particles 
were also found to adhere on the surf ace of the run-of-mine particles 
(Plate 54). 
The fine particles taken from the mill interior of the "Aerofall" 
mill were characterised by cleavage fracture facets and fracture 
patterns, having sharper edges than the run-of-mine particles 
(Plates 55 to 58). The surface morphology of the particles taken 
from the outp~t of the "Aerofall" mill was also indicative of the 
occurenceof cleavage fracture in the mill (Plates 59, 60). 
The surface morphology of particles, randomly selected from the 
- -
product of laboratory autogenous milling tests for periods of 120 
minutes (Plates 61, 62), 240 minutes (Plates 63, 64) and 360 minutes 
(Plates 65, 66) were found to be similar to that of the particles 
taken from the interior and output of the "Aerofall" mill. The 
surface morphologies of particles comminuted in surface active 
environments are similar to those of the particles obtained in water 
(Plates 6 7, 68) . 
Microcavities and microcraks were present on the surface mor-
phology of particles autogenously milled (Plates 69 to 70). 









































MILLING TIME 240MIN. 
+ 27 per cent weight SOLIDS _of -45 pm 
• ISO- PROPANOL 
• NORMAL OCTANOL 
o NORMAL BUTANOL 
63 125 . 250 500 .1000 2000 4000 
PARTICLE SIZE pm 
Figure 35 
12500 25000 
Size distribution of the product of laboratory autogenous 
milling tests of the third series, presented according to the 
Rosin-Rannrller method. 
Milling environments used:. Water, dry, water with 27 per cent 
by weight solids of -45 µm, pure 
iso-propyl alcohol_ n- octyl-
. Milling time: 240 minutes. 






































MILLING TIME 360 MI~ 
63 125 250 500 1000 2000 4000 
PARTICLE SIZE pm . 
"Figtire ·36 
12500 25000 . 
Size distribution of the product of laboratory autogenous 
milling tests of the third series, presented according to the 
Rosin-Rarrnnler method. · · 
MilliI}g environments used: dry and water~ 
Milling time: 360 minutes. 
Plate 53 
Run-of-mine quartzite particles, showing the influence of the material 
handling on their surface morphology. 




Rwi-of-mine quartzite particles, shmving adhering fine particles on its 
surface . 
Sieve dis tribution analysis size: -250 + 125 µ m 
Pl a t e 55 
Particles t aken from the interior of a fully autogenous we t 'Aerofall' mill. 
Si eve dis tribution analysis s i ze : - 250 + 125 \.Lm 
Plate 56 
Partic l e taken from the interior of a fully autogenous wet 'J\erofaH mill . 
Sieve d i stribut ion analys i s s i ze : - 250 + 125 l.L m 
ka 0 , 5698 
ko = 0 ,07013 
Plate 57 
Surface morphology of a particle taken from the interior of a fully 
autogenous wet 'Aero fall' mill, showing fracture patterns indicative of 
transgranular corruninution . 
Sieve distribution analysis size of the particle: -500 + 250 µm 
Plate 58 
Very fine particles adhering on the surface of a -500 + 250 11 m particle , 
taken from the interior of a fully autogenous wet 'Aerofall' mill. 
Plate 59 
Particle t aken from the cyclone overflow of a fully autogenous wet 'Aerofalr 
mill . 
Sieve distribution analysis size: -250 + 125 µm 
ka 0 , 542 
k0 = 0, 0970 
Plate 60 
Particle taken from the cyclone overflow of a fully autogenous wet 
AerofalJ mill. 
Surface morpho l ogy indicative of transgranular comminution. 
Sieve distribution analysis size : -125 + 63 µ m 
ka 0 , 4836 
k 0 = 0,07305 
Pl a te 61 
Particles t aken from the - 500+250 ~Lm product of a laboratory autogenous 
mi lling in water environment after 120 minutes milling . 
Pl a t e 62 
Particle t aken from the -500+250 µm product of a laborat ory autogenous 
mill, aft er 120 minutes of milling . 
ka 0 , 095 5 
k0 0 , 0140 
Plate 63 
Particles taken f rom the - 250+125 µm product of a laboratory autogenous 
mill, after 240 minutes milling . 
Environment : water . 
Plate 64 
A flaky particle taken from the -63 µm product of a laboratory 
autogenous mill, after 240 minutes milling . 
Environment : water . 
The thickness of the particle is l ess than 10 \lm . 
ka 0 , llSO 
k0 = 0,0431 
Plate 65 
Particles t aken from the -125+63 µm product of a laboratory autogenous 
mill after 360 minutes milling. 
Environment: water 
Plate 66 
Particle taken from the -125+63 µm product of a laboratory autogenous 
mill , after 360 minutes milling. 
Environment: water . 
Adhering particles on the surface of the particle . 
k3 0 , 2687 
ko = 0 , 0497 
Pl a te 67 
Particles taken from the -63 µm product of a laboratory autogenous mill, 
in n-butyl alcohol environment, after 120 minutes milling. 
Plate 68 
A particle taken from the -63 1.im product of a laboratory autogenous mill 
in n-butyl alcohol envirornnent , after 120 minutes milling . 
Plate 69 
A microcavi ty on the surface of a -63 µm particle, taken from a laboratory 
autogenous milling test . Very fine adhering particles are also shown . 
Plate 70 
Microcrack on the surface of - 500+ 2 SO p,m par~icle. ta~en ~rom the 
interior of a fully autogenous lvet Aerofall mill, indicative of 
tra~granular fracture . 
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examined particles (Plates SS, 56, 57, 58, 66, 69, 70, 71) were 
also observed. Most of these particles were folllld to have sharp 
edges, and flaky platelike appearance, but some of them, and par-
ticularly the ones of sizes of the order of 100 nm, appeared in 
"round" shapes (Plate 70). 
The comparison of the surface morphology of particles cormninuted 
autogenously under different conditions of total milling time or 
environment cannot provide information related to the milling efficiency 
of these tests, because of the existing similarities of particles 
belonging to the product of different tests. This comparison can 
only be achieved by a systematic analysis of the shape characteristics 
of the examined particles, such as the SEM image analysis of these 
particles. 
6.3.5. SEM image analysis of comminuted quartzite 
particles from autogenous mills 
The arithmetic mean values obtained by each group of particles 
are shown in table VIII. The deviation of the values of the shape 
factors from the mean value of their respective group was found to 
be large (Appendix :H). For example the. flaky particles seen in plate 
58 have very small shape factors. 
Particles taken from the mill interior of the "Aerofall" mill 
were found to have larger "angular rolllldness" than the run-of-mine 
particles. The particles taken from the output of the same mill 
were found to be "rounder" than both of run-of-mine and mill 
interior particles. 
As anticipated the milling time of the laboratory autogenous 
milling tests in water was also found to influence the shape charac-
teristics of the examined particles. The milling environment was 
also found to influence the shape characteristics of the examined 
particles. Milling inn-butyl alcohol for 120 minutes obtained 
particles of much larger "angular roundness" the particles milled 
Plate 71 
Phyllosilicate particle t aken from the interior of a fully autogenous 
wet Aerofall mill, adhering on particles of -125+63 1J.m . 
Sieve distribution size 
ka 0,1722 
k0 = 0 , 04272 
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in water for the same time (Table VIII). The shape characteristics 
of the particles milled in n-butyl alcohol can be compared to the 
ones of the milling test in water with total milling time of 360 
minutes. 
The increase of the "angular rmmdness" of ·the particles with 
the milling time in combination with the size distribution data 
obtained in figures 31, 35, and 36, for the laboratory tests performed 
in water environment is indicative of the importance of the breakage 
of the edges and corners of the particles in relation to the milling 
efficiency of the comminution system. The similar increase of the 
"angular roundness" due to the presence of a surface active environ-
ment is indicative of changes in the brittle fracture behaviour of 
the mill charge. 
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TABLE ,VIII 
Arithmetic mean values of surface and outline area shape factors 
of each class of particles examined. 
MILL CLASS ka ko 
11AEROF ALL 11 RUN-{)F-MINE FEED 0,398 0,0610 
I 1AEROF ALL I I MILL INTERIOR 0,414 0,0630 
I 
1AEROF ALL 11 CYCLONE OVERFLOW 0,488 0,0717 
LABORATORY 120 minutes , water 0,378 0,0567 
LABORATORY 240 minutes, water 0,399 0,0608 
LABORATORY 360 minutes, water 0,447 0,0648 
LABORATORY 120 minutes, 0,455 0,0659 
n-Butyl alcohol 





Autogenous connninution is associated-with the presence of a 
complex and varying stress field upon each consituent of the mill 
charge. The understanding of the physical processes involved during 
this_ type of milling requires a detailed analysis of the mechanics of 
the brittle fracture and plastic defonnation phenomena which are 
resultant of the mill stress field. 
The results of the experimental program described herein have 
brought to light the following general connnents. 
Rocks are polycrystalline aggregates composed of highly aniso-
tropic mineral constituents. The mineralogy of the rock is related 
to the effective surface energy of the rock Yerr(different values 
of y have been measured for rock of different mineralogy, Friedman 
et aI:fl972) in tenns of the Griffith fracture criterion, ~ccording 
to which the critical stress for fracture O.pis proportional to y112 .. 
,1.. eff 
The grain size of the rock also influences the fracture behaviour 
of the rocks since, in general, grain boundaries are areas of 
weakness. The grain size and the geologically inherent micro-
structural defects, such as microcracks and microcavities are 
associated with the flaw distribution in the material. The length 
C and the sharpness of these defects , characterised by the radius 
of the tip r-, are of importance for the initiation and the propaga-
tion of these flaws. Sharp and long cracks favour fracture 
initiation since according to the Orowan criterion the critical 
·stress for fracture· is proportional to (r;c) l. The intragranular 
or transgranular flaws show a tendency to be very sharp, since they 
are in general regions of microcleavage. Their length will in 
general be equal to the grain size because of the ease of cleavage 
across the complete grain (see figure 37). Microporosity, con-
sisting of short and blunt intragranular defects, is not very important 
for the fracture behaviour of a rock, since the magnitude of the 
stresses which are required to initiate fracture is very large in 
comparison with the similar critical stresses of the sharper and 








Relationship between the grain size of the rock and the 
length C of the intragranular (or transgranular) flaws and 
the intergranular flaws. Influence of the grairi size upon 
the length C of· the intergranular micro-structural defects. 
A rock of a relatively small grain size (a) has shorter 
intergranular flaws than· that of a rock of a relatively large 
grain size· (b) due to smaller total area of grain boundary 
area of the first type of rock than the total grain boundary 
area of the second type. 
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defects is proportional to the grain size, as is shown in the 
schematic of the figure 37. 
The crack propagation in a brittle solid such as quartz will 
occur by cleavage fracture at very high speeds. During the 
propagation, a crack may be "arrested" by a weak grain boundary 
interfaces or particles lying orthogonal to the moving crack. 
The total area of the crack propagation is influenced by the grain 
size, presenting larger values when the grain size decreases, as 
it is schematically shown in figure 38. The velocity of crack 
propagation is influenced by the geometry of the crack; blunt 
cracks propagate at higher stress level than sharp cracks of the 
same length, since this process takes place at higher stresses for 
the blunt cracks. When the velocity of crack propagation is higher 
than a critical value, the phenomenon of bifurcation occurs (Payne 
and Ball, 1976). Blunt notches propagate at higher velocities than 
the relatively sharp ones. Bifurcation, therefore, is favoured by 
blunt initiating notches. Bifurcation is associated with the 
production of small fragments of the connninuted rock, which is in 
general desirable in connninution. 
When two rock surfaces are sliding on each other, under the·· 
influence of a normal load, both plastic deforrnation and fracture 
may occur. The relative amount of these two competing processes 
will be determined by various factors. At the area of contact of 
the two surfaces (figure 39) the resulting high hydrostatic pressure 
favours plastic deformation at this region (Lawn and Wilshaw, 1975). 
In addition, since plastic flow is a thermally activated process, it 
is favoured by high temperatures (i.e. low values of sljding speeds). 
The surrounding stress field which is present during the sliding 
of the rock surfaces consists mainly of tensile and shear stresses 
and the magnitude of the shear stresses will influence the possibility 
of dislocations activity. 
1be fracture initiation, which is associated with the tensile 
stresses of the stress field, is influenced by the dislocation 
mobility, in terms of changes of the geometry of the near surface 
flaws. These inherent microstructural defects of the rock surface 
(a) 
Figure 38 
Influence of the rock grain size upon the total area of crack 
propagation. This area is smaller for a rock of relatively 
large grain size than that of a rock of a relatively small 
grain size. 
> 
~STRESS FIELD ~~r- INELASTIC DEFORMATION 
ZONE 
Figure 39 
The developnent of the "inelastic" defonnation zone and of the 
stress field during the sliding of two rock surfaces of a given 
grain size. Dotted line marks the area in which fracture 
initiation and propagation can take place. 
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can be propagated in.a mariher governed by the conditions of crack 
length and geometry of the flaw. 
The rock surfaces consist of grain asperities which are inter-
locked during contact. During sliding these asperities may climb 
each other without any surface damage, or break only their.tips by 
brittle fracture, or result in extensive surface damage involving 
both brittle fracture and plastic flow phenomena. The climbing 
of the surface asperities without any surface damage is favoured by 
low values of normal load and sliding speeds. The area which is 
influenced by the stress field is small, while the magnitude 
tensile stresses in this field are too small for fracture initiation 
from microstructural surface defects. Low sliding speeds favour 
· the occurence of this model of friction, since the time necessary 
for the climbing the surface asperities is provided. This 
required time is dependent upon the surface roughness, grain size 
and rock mineralogy, because the geometry of a typical rock asperity 
("model of asperity", Byeriee, 1967 a) is influenced by these 
parameters. The brittle fracture of tips of the surface asperities 
occurs at sliding speeds, which do not allow the necessary time for 
the climbing over the asperities, while the stress field which is 
present influences a small region below the sliding rock surfaces. 
High sliding speeds are associated with a stronger interlocking 
action than the two previous cases, since the time provided for a 
"smooth" sliding of the surface asperities on each other is very 
small. Similarly high normal loads are associated with the presence 
·of a larger stress field, which influences a large portion of the · 
near surface regions of the sliding rocks. Extensive fracture and 
plastic deformation is therefore anticipated. Plastic deformation 
will be particularly extensive when a large difference in Mohs hardness 
characterises the mineral rock constituents in contact. 
7.2. Fracture characteristics of the rock in relation to its 
suitability for autogenous milling 
The differences in compressive and tensile strength between the 
various petrographical types of the Witwatersrand quartzite (Figure 2, 
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Table III, Plates 1 to 4) can be expla:ined :in tenns of the fracture 
initiation and propagation of the geologically inherent microstruc-
tural defects in the rock. The effective surface ene~gy of the 
rock changes with the chemical composition. Friedman, Handin and 
Alani (1972) found values of ye:ff to range from 19 to 68 Jm-2 for 
Chilhowee quartzites, while the value of 2 Jm-2 was obta:ined by Ball 
and Payne (1976) for quartz crystals fractured in tension. The 
size of the grain boundary microstructural defects, such as those 
associated with phyllosilicates flakes, is proportional to the gra:in 
size. This follows because, for a rock of given impurity content 
the total area of gra:in boundary is reduced when the grain size of 
the rock increases, and subsequently a rock of a relatively large 
grain size will contain longer :intergranular defects than a f:ine 
gra:ined rock (Figure 37). The decrease of the "Brazilian" tensile 
and unia.xial compressive strength with the :increas:ing gra:in size of 
the petrographical types of the Witwatersrand quartzite, from A to D, 
is explained by the increase of the length c of the geologically 
inherent rnicrostructural defects of the rock. The distribution and 
the character (intra- or inter-grarui.ular)(see Figure 37) of those 
rnicrostructural defects is very important, since they will determ:ine 
the cornminution behaviour of the rock. S:ince the m:inerals to be 
exploited from the Witwatersrand quartzite are mainly distributed 
along gra:in boundaries intergranular corrnninution events are 
desirable in_corrnninution. 
The relationship between the fracture load P and the diameter 
D~ which was found by _Brazilian tests on specimens of various 
diameters (Figure 1), and can be described by an equation of the 
form: P = fnnl, 7(:!:. 0,05), where A.u is a constant. These results 
show that the fracture resistance of rock pieces :in slow compression 
increases with their diameter. An analysis of this relationship 
based upon specific' energy Es, per unit volume, and geometrical and 
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·elastic characteristics of the material* connninution shows that for 
the \l/itwatersran~ quartzite of the petrographical type B, the conuni-
nution of the rock by slow compression is governecl by the Bond 
energy concept** (J\rbi ter onc1 Harris, 1965) . Bergs tram et al (1964) 
found from an analysis of experimental results on the fracture load 
versus geometrical characteristics of quartz crystals, that the 
Rittinger' s energy concept is fallowed. '111C granular nature of 
rock in combination with. the geologically inherent microstructural 
defects can explain the difference in fracture energy requirements 
bebvcen quartz crystals. 
111e size <lis-rribution of the product of w1i:nial compression 
fracture, tests shown in figure 8, is compatible with the hypothesis 
expressed by Gilvarry (1961) concerning the distribution of the 
activatec1 micro-stn1ctural defects within the mass of a rock, which 
is under stress. The results of these tests can be expressed in 
tenns of the H.osin-R;rnunler equation Y = 1 - exp(-{x/k)n) (Appendix A). 
The value of the parameter n was found to be approximately unity. 
The parameter k of this equation describes in a statistical manner 
the average spacing between the activated micro-structural defects 
of the rock. 'l11e presence of a large mmtl)er of activated micro-
·*for materials obeying Hooke's law and for point contact, the specific 
cneri"'Y Es (i.e. energy per unit v·ahune, Jm-3 or Nm-2) is given by the 




and C constant dependent upon the elastic properties of 
The value of C1 is a function of physic.:il properties 
. 
· I 213 
c 1= 4/5(3/4)s 9 (1 - v 12)/Ei + (1 - v 22)/Ez (prr) 1; 9 \vhere v1 , v2 and E1 , E2 is 
the Poisson's ratio and modulus of elos tici ty. for the specimens and the 
pattens respectively (Bergstrom, 1965). For a cylindrical rock specimen. 
and for line contact Bergstrom (1965) reported the following relationship, 
based upon Roesler (1956) and Porisky (1950) analyses: Es = c2 (L/02)2 
**A general fonn of the specific energy-size relationship, swnmaris ing the 
Rittinger-Kick-Bond equations has given by llolmcs (1957), E -/... l 
. s - 1 Dr 
where X1 is constant depenclent upon the conuninution m.:iterial characte-
ristics and the conuninuting device for a large reduction ratio and r is 
0, land1/2for the Kick's, Rittingers mid Bond's Law respectively. 
'l11Us : ( 4- r ) I 2 2 . . 3 / '!. 
L = A. 2D . or L = /\. 2 D for K1ck's law, L = \ 2 D. for 
- K R 
Rittinger's law and L = !.. 0 7111 for Bond's law. 
2B 
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structural defects, like the ones induced by heating at 400°C and 
quenching in water (Chapter 3) correspond with smaller values of 
the parameter k. The thermally induced flaws are easily be 
activated due to their sharpness. This analysis can explain the 
fracture load-grain size relationship in tenns of the higher statis-
tical propability of flaws of a relatively large length than the 
similar one of shorter flaws which appear in a higher frequency and 
possess similar sharpness. 
The.stress conditions occuring in an autogenous mill will vary 
over a wide range of values. This, in combination with the inhome-
geneity in the material, does not allow any easy or accurate esta-
blishment of milling suitability criteria for a given rock. The 
results obtained for the tensile strength Gt of the rock specimens 
examined by the Brazilian method, using the equation at = 2P /rtDl, 
where P the fracture load, D the diameter and. l the length of the 
rock specimen (Figure 2), were found to be more reproducible, than 
those obtained from the tests on the compressive strength (Table III). 
The different action of the packing strips used, in tenns of distri-
bution of the applied stresses, was found to be responsible for the 
small increase of the measured value of the tensile strength, when 
the diameter of the test specimens increases. 
Brazilian tests can provide information about the ability of a 
given ore to-"survive" as vtear media during autogenous milling. 
Asswning that the slow compression of a drill core maintains stresses, 
the distribution of which is not different than that of free-fall 
impact and considering that the increase of the fracture load P for 
increasing loading rates (John, 1972) is very small, the Brazilian 
testing technique can prov1de usuful in'formation about the prediction 
of the impact behaviour of a given ore, during autogenous milling. 
The same testing procedure can be used for the selection of the 
optimwn size distribution of the mill feed. 
The reproducibility of the results of the free fall tests was 
found to be very poor (figure 3). This behaviour can be explained 
by the different impact conditions deriving from the existence of 
different sharp edges of each specimen and by .the inhomogeneity in 
··~ 
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microstructural defects within the mass of the rock and particularly 
at the near to its surface region. 
7. 3. The thermal weakening of the rock 
The heating of the rock and the subsequent quenching was found 
to reduce the tensile strength of the rock (Figure 4), due to 
··thermally induced microstructural defects, such as the microcracks 
and microcavities shown in plates 12, 13. The distribution ·of 
these defects, produced by heating temperatures up to 400°C, is 
similar to the one of the geologically inherent flaws, since the 
slope of the Rosin-Rrunrnler presentation is similar to that of the 
as received rock (Figure 8). The thermal microfracturing appears 
in a higher frequency when the heating temperature is higher than 
425°C (Figl.lre 13) . The high incidence of microstructural defects 
within the mass of the rock is expected to result in interaction 
between two neighbouring defects. The longer flaws produced by 
thermal treatments compared with the ones in run-of-mine rock, 
require smaller loads for fracture propagation. 
The differences in thermal expansion characteristics between 
the various petrographic types of the rock and quartz, shown in 
figure S, is due to the differences in their mineral composition. 
The cx.-+S quartz transition, 573°C, can also develop thermal 
stresses (Figures 5 and 6), while chemical reaction of pyrites, the 
occurence of which can be observed at the thermal expansion charac-
. . 
teristics of the quartzite of type D for temperatures higher than 
640°C, is also important for the thermal corrnninution. 
The dependence of the thermal corrnninution upon the time of 
heating (Figures 9 and 10) and the detected increasing amount of 
microfracturing taking place for heating temperature higher than 
4S0°C (Figure 13) indicates that a time dependent process occurs 
at this temperature. Considering that the time necessary for a 
uniform heating of the mass of the used rock specimens cannot be 
longer than three minutes, this microfracturing process cannot be 
dependent on temperature gradients. The dehydration of the 
. ' 
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phyllosilicates group of minerals, which occurs at temperatures approx-
imately 430°c (Deer et al, 1962) will be time dependent, and the libe-
rated water will produce increasing pressures in pores and cavities 
and subsequent microfracturing will ensue. The heating of the 
rock thus· results in the weakening of the rock, while further 
improvement, from the conuninution point of view, is achieved by a 
fast cooling of the hot material (Figure 13). 
Such thermal treatments, although more effective in terms of 
conuninution efficiency with increasing heating temperatures (Figure 
11) are not directly applicable due to their high energy requirements. 
Quartzite has a specific heat capacity of about 103 J kg-1 oc-1, at 
temperatures 20°c to 400°c and the energy required for the one tonne 
of ore to reach 4000C is approximately 4 x 108 J. The increased 
finess of the conuninuted product of a thermally treated quartzite due 
to the increased presence of microstructural defects (Figures 8 and 
13) and the enhanced degree of mineral liberation of the same material 
(Figure 12, Plate 8) can offer large benefits, from the total produc-
tion point of view, than the cost of the energy required for therma,1 
treatments. The relative toughness of a given ore, which does not 
allow high values of efficiency of an autogenous milling system and 
the possible availability of a low cost heating fuel can offer a 
successful! application for the partial heat treatment of a run-of-
mine ore. 
It should be noted that the local temperature rises developed 
during the sliding of two rock surfa~es or between a rock surface 
and the mill liners may cause local thermal weakening of the 
inaterial, similar to the one achieved by an external heating source. 
A large fraction of the kinetic energy activities in a mill is 
transformed into heat by this mariner. Although measured tempera-
tures are only about 40°C, local temperatures can be sufficiently 
high, higher than 400°C, to create flaws, with a subsequent contri-
bution in the conuninuting action of the mill. 
7.4. The frictional behaviour of rock 
The magnitude of the frictional force and the surface morphology 
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of the friction track were used to study the mechanisms involved 
during the sliding of two rock surfaces. The variables of the 
normal load, sliding speed and initial surface roughness for a 
given environment can establish the conditions necessary for the 
occurence of distinctive modes of friction. 
The geometrical characteristics of the surface asperities of 
sliding rocks and the magnitude of the applied nonnal load govern the 
interlocking of these asperities. The "climbing" of the interlocked 
asperities is a process which requires a given time which is depen-
dent upon the surface roughness and the applied normal load.. The 
change of the relative velocity of the two sliding surfaces is 
associated with changes in the time which is provided by the relative 
movement of the sliding surfaces for each "pair" of interlocked 
asperities. Thus for a given value of normal load and surface 
roughness the coefficient of friction will be dependent upon the 
relative velocity of the moving surfaces. The time necessary for 
the "climbing" over the surface asperities is provided when the 
sliding speeds are low. This process takes place in a "smooth" 
manner and is associated with small values of frictional force and 
subsequently small values of coefficient of sliding friction while 
the surface damage involved is negligible (Figure 15, water, for 
speeds smaller than 4,23 x 10-5 ms-1 and Plate l~). This behaviour 
is indicative of the occurence of the roughness theory of friction 
(see section 4.1.2.) 
When the relative velocity of the sliding rock surfaces increases 
to values which correspond with duration of contact slightly shorter 
than the necessary period for the "climbing" of one asperity over 
another, stress concentration at the tips of the rock surface 
asperities results in the brittle fracture of these tips. The 
coefficient of sliding friction obtains higher values, while a 
distinguishable surface damage is involved across the friction track 
(Figure 15, water,.for a sliding speed between 8,46 x lo-5 and 
8,46 x lo-4 ms-1 and Plate 20). This frictional behaviour is 
indicative of the occurence of the theory of friction proposed by 
Byerlee (1967 a). 
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For increasing values of sliding speed the corresponding values . 
of "duration of contact" becomes very small and the climbing over of 
the surface asperities· is very difficult in the time avail ab le. As 
a result strong interlocking conditions are developed. Fracture 
initiation and propagation occurs under the influence of the stress 
field which is developed by the applied normal load while plastic 
flow can also occur when the sliding surfaces •consist of · 
minerals of different scratch hardness. Brittle fracture and plastic 
flow take place at high sliding speeds in a manner similar to one 
proposed by Bowden and Tabor (1964) for the friction of metals, and 
result in the formation of a very distinctive surface damage along 
the friction track (Plate 32). 
1he frictional force and consequently the coefficient.of sliding 
friction (since the applied nonnal load is constant) , obtain their 
maxirntnn values when the sliding speed allows the brittle fracture of 
the tips of the asperities, i.e. in the mid-range of sliding speeds. 
1he higher value of the frictional force at these speeds can be 
explained by the interlocking action of the tips of the asperities. 
1he frequency of these interlocking events is high, since the surface 
. damage which caused the breakage of the tips is very small. The 
value of the measured frictional force is relatively high, representing 
the average of the values of the frictional force. This is indicated 
by "stick-slip" variations of the recorded frictional force (Figure 14). 
1he frictional force obtains lower values (Figure 15, wate~ at slidmg 
speeds higher than 8,46 x lo-4 ms-1) when the sliding speed increases, 
causing the occurence of both brittle fracture and plastic flow phenomena. 
The large surface .damage which is caused at these sliding speeds reduces 
the number of the interlocking events and subsequently the measured 
average value of the frictional force. 
The changes of the frictional force with the sliding speed are 
dependent upon the surface roughness, (Figure 17), presenting smaller 
values for smaller magnitude of surface roughness (CLA). This can 
be explained by the decrease of the magnitude of the interlocking 
action when the average height of the asperities decreases. 
A change in the load nonnal to sliding surfaces of standard 
roughness and moving with constant relative velocity al~o results in 
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Figure 40 
The blunting of an atomically sharp crack via two mobile 
dislocations. 
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the occurence of different modes of friction. For relatively low 
values of the applied normal load, the parameter m of the equation 
F = kLm (Archard 1953, 1957), was found to be smaller than 0,66, 
the limiting value for pure elastic deformation (Table V). These 
relatively small values of the parameter m are indicative of the 
occurence of the "climbing" of the surface asperities, in a manner 
similar to the o~e described when the sliding speed is very small 
(Plate 19). The critical value of 0,66 is obtained for relatively 
high values of the applied normal load indicating the brittle fracture 
of the tips of the surface asperities, according to the mode of 
friction proposed by Byerlee (1967 a). 
The parameter m increases at values up to 0,69 when the normal 
load further increases (Table V)', showing that plastic flow is also 
involved during sliding under these conditions. This is also con-
firmed by the smooth extruded appearance of the grooves, observed 
by SEM means (Plates 32 to 36). The ploughing of a relatively hard 
mineral (e.g. quartz with Mohs hardness 7 or pyrite with 6!) into a 
softer one (e.g. muscovite with Mohs.hardness 3 or serpetine with 2!) 
results in the formation of a such groove, while at the same time 
fine adhering gouge~debris are produced (Plates 34 and 36). The 
relatively soft mineral constituents of the sliding rock surfaces 
can also cover the asperities of the relatively hard minerals in a 
manner described as "shaving"- action by Bowden and Tabor (1964) . 
. . 
Plastic flow phenomena are concurrent with brittle fracture, which 
occur during sliding when the minerals in contact have similar 
scratch hardness and subsequently promote the state of "adhesion". 
The parameter m and the mode of friction change with load in 
a different manner (Figure 18) for different surface roughnesses 
since the geometry of the interlocked asperities changes with the 
values of central line average. 
7. 5. The wear due to abrasion 
The wear effects associated with the sliding of two rock surfaces, 
studied by the abrasion testing apparatus, have shown that they are 
·influenced by changes of the rock petrography, the normal load applied, 
th~ relative speed and the abrasion time. 
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The rock petrography influences the wear rates since both fracture 
and plastic flow phenomena are affected by the type of rock. The 
fracture initiation is favoured by the increase of the grain size and 
the corresponding reduced values of the tensile strength (Figure 22) . 
The distribution of the soft mineral constituents such as phyllosili-
cates, in larger quantities along the quartz grain boundaries in large 
grain size quartzites will also permit the plastic flow which takes 
place during the ploughing of a relatively soft mineral by a relatively 
hard grain asperity. 
The increase of the wear rates due to abrasion with the increase 
of the normal load L (Figure 25) is explained by -µie changes in the 
stress field between the rock specimens. The fracture initiation 
and ~ropagation which occurs during abrasion (Figure 39) is enhanced, 
since the magnitude of the generated tensile stresses increases, 
while the increase of the magnitude of the rock mass, which is affected 
by the stress field, is statistically associated with an increase in 
the number of the incipient fracture nuclei. The mass removed by 
plastic flow, which takes place during the abrasion also increases 
with the normal load. 
The wear by plastic flow is not f~voured by the increase of the 
sliding speed, since slow speeds (i.e. strain rates) promote plastic 
deformation. On the contrary the development of local high tempe-
ratures due to the increase of the sliding speed (Ja.eger, 1942, 
Bowden and Thomas, 1954) favours the occurence of plasti~ flow 
phenomena. The development of these local temperatures can also 
influence the fracture initiation and propagation during abrasion. 
Since high temperatures favour plastic deformation, changes at 
geometry of the tip of the rnicrostructural defects present i.e. 
increase of the tip "bllmtness", the fracture initiation of these 
defects will become more difficult while their propagation will occur 
at higher stresses and subsequently will be more rapid. A similar 
situation applies to the wear by plastic flow, which although favoured 
by high friction temperatures decreases with the higher loading rates. 
These counteracting conditions for wear by both brittle fracture and 
plastic flow finally maintain approximately constant wear rates when 
- 85 -
the sliding speed increases within the one order of magnitude range 
of sliding speeds examined (Figure 26). Contrary to expectations 
therefore, an increase in rotation mill speed does not heccessarily 
lead to an increase of connninuting by wear processes. 
'!he wear rate due to abrasion, observed in our experiments, is 
a function of the total process time since the-area of contact of the 
sliding surfaces increases with the time. This results in the decrease 
of the load per lillit area, which reduces the total mass removed per 
unit time by abrasion for the conditions of the experiments performed 
(Figure 2 7) . _ 
Brittle fracture and plastic flow coexist and interact in the 
manner outlined above during abrasion. Other industrial processes, 
such as cutting or drilling employ mainly fracture phenomena as 
indicated by the nature of ~he surfaces of quartzite rocks (Plates 
49 and 50). 
7.6. The role of the environment 
'!he environment present between two sliding rock surfaces can 
influence their friction and abrasion behaviour, resulting, in a 
' 
possible enhancement of the corrnninution process. Possible influences 
of the environment include: 
(a) Change of the heat transfer between the sliding surfaces 
during the development of high local temperature rises. 
(b) Change in lubrication between the sliding rock surfaces. 
(c) Change of the fracture surface energy. 
(d) Promotion or reduction of the plastic work. 
(e) Changes in the crack tip geometry by plastic flow and hence 
the energy required for fracture. 
Each of the possible influences will be discussed separately. 
(a) If the coolant properties of the various environments used 
in the friction, abrasion and milling test are responsible for the 
observed differences in the parameters of frictional force, mass loss 
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due to abrasion and the size distribution of the milled product, a 
relationship between these parameters and the environmental heat 
transfer properties should explain these differences. The similar 
values of the thermal conductivity of ethyl and n-butyl alcohol, 
which are 169 and 168 x lo-3 Wrn-lK-1 at 20°c respectively will be 
expected to obtain similar values for the coefficient of sliding 
friction. On the contrary the different values of 0,55 and 0,65 
were found for the coefficients of sliding friction in ethyl and 
n-butyl alcohols respectively (Figure 16) obtained under the same 
experimental conditions of load and at a given sliding speed. 
Large differences in the values of the thermal conductivity between 
water and toluene environments, which are 631 and 131 x lo-3 wm-1 OK 
respectively will be expected to obtain proportionally different 
values for the coefficient of sliding friction. On the contrary,· 
figure 15 shows a similarity in the relationship between v and µ_in 
. these environments. The respective values of 627, 204 and 131 
x lo-3 Wrn-1 OK of the thermal conductivities of water, methanol and 
toluene (at 20°c) also did not give an increase in milling efficiency 
in corresponding order (Figure 29). 
(b) The regimes of lubrication developed by the environment as ' 
a function of its chemical composition, the sliding speed, the normal 
load and the surface roughness influence the friction and wear effects 
of the sliding rock in a manner which can be analysed into hydrodynamic, 
elastohydrodynamic and boundary lubrication (Bowden and Tabor, 1966). 
But the theoretical study of the role of each liquid-lubricant present, 
in a way similar to the one proposed by Korovchinskii (1962) for metals, 
requires many assumptions for the sliding materials concerned, e.g. 
homogeneity in composition, ideal surface finish or curvature, which 
can be difficult to obtain and therefore are misleading when they are 
applied to rocks. 
The viscosity of the environments used can be employed as a simple 
measure of the different lubrication effects obtained in the friction, 
abrasion and milling tests. The difference in the values of the 
viscocities of toluene and ethylene glycol (0,586 _and 17 cP respectively, 
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at :atlilospheric pressure and 20°C) cannot explain the similarity in 
frictional behaviour (Figures 15, 16). The very small differences 
in viscosity of the alcohols used (aqueous concentrations used are 
only two per cent by voltnne) in the abrasion tests cannot explain 
the large differences in the measured wear rates (Figure 23, 
Appendix E) • 
Changes in the viscosity or flow characteristics in the mill 
interior (i.e. change in pulp density with time) cannot be considered 
as a main factor affecting the milling efficiency of the system, 
since resulting changes in the values of the vi~cosity do not 
correspond with similar changes in the size distribution of the mill 
product. This can be considered by the milling results shown in 
figure 29, where the milling efficiencies found from tests performed 
in water, pure toluene and ethylene glycol (50 per cent by voltnne in 
water) environments do not correspond in the same order as their . 
respective values of viscosity viz. 1, 0,59 and 2,5 cP. 
(c) '!he brittle fracture phenomena which occur during the 
friction, abrasion and autogenous milling tests can be influenced 
by the environment present through a change in the chemical free 
energy of the new surfaces produced on account of chemical reactions 
at the broken bonds at the tip of incipient crack and consequent 
crack growth (static fatigue). Stress activated chemical reactions 
would be expected to employ the -OH of the alcohols. The length 
of the chain length influences the chemical_ activity in terins of the 
polarity of the molecule of the normal alcohol. The differences in 
the measured values of the coefficient of sliding friction during 
tests in ethyl n~butyl and n-heptyl alcohol shown in figure 16, cannot_ 
be explained on
1
the basis of this asstnnption. Indeed figure 23 
shows that the wear due to abrasion is not affected continuously in 
a monotonic manner by the alcohol chain length. The -OH of the 0, 1M 
soditnn hydroxide is expected to be more active than alcohols and hence 
promote fracture in a better manner than for example ethyl alcohol. 
Figures 15 and 16 show that the measured values of the coefficients 
of sliding friction are approximately equal in the environments of 
ethyl alcohol and 0,1.M:sodiuni hydroxide. ' 
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The above experimental results indicate that it is difficult to 
explain the difference in the behaviour-of quartzite during friction;~------ ___ .[ 
abrasion and autogenous milling only on the basis of changes in the 
fracture behaviour_ due to chemical attack at the crack tip or 
reduction of the surface energy. But this does not mean that the 
fracture behaviour is not affected by such phenomena, since other 
experimental results show that the occurence of stress activated 
reaction (i.e. stress corrossion phenomena) is possible. The increase 
of the normal load during friction can influence the reaction kinetics 
of a stress activated reaction of incipient surface flaws, resulting 
in different fracture behaviour of the sliding materials. 
If the experiments, the results of which are shown in figlires 
18, 19 and 25, were carried in an inert environment, then the coeffi-
cient of friction will increase continuously with load. The observed 
maxima and minima may denote the occurence of stress activated reactions 
at the tips of near surface flaws. Similarly inorganic reagents such 
as annnonitnn carbonate and soditnn chloride present in the aqueous ---
milling environment were found experimentally (Figure 28) to influence 
the milling efficiency of the system by the possible occurence of 
stress activated chemical reactions. 
In addition to the chemical interactions described above adsorp-
tion_ induced changes may also influence the fracture behaviour of 
- rocks during the friction, abrasion and milling tests. The reduction 
-of the effective surface energy of the rock due to the presence of 
adsorbed layers of the present environment, such as nonnal alcohols 
reduces the critical stress for fracture initiation, since the latter 
is proportional to yl according to the Griffith criterion. But as 
already mentioned in the introduction (Chapter 1) the magnitude of 
the reduction of effective surface energy cannot adequately account 
for the effect of the environment on the fracture behaviour of the 
rocks. 
(d) During sliding, plastic deformation takes place according 
to a "shaving" action_ - (Bowden and Tabor, 1964) when the "slider"· has 
higher scratch hardness that the material of the "sliding surface". 
. :.c: . 
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'This mOde of plastic defonnation is of importance for sliding rock 
surfaces, since they .contain mineral constituents with large diffe-
rences in their scratch hardness. A sharp indenter also causes 
plastic deformation in a material, when there is. large difference in 
their scratch hardness (Lawn and Swain, 1975, Swain 1977). The 
environmental effects upon the plastic flow behaviour may be explained 
by the adsorption induced changes in the electronic structure of the 
material, and for the particular case of a rock by changes in the. ___ _ 
electronic stru~ture of each mineral of the solid. Changes in the 
scratch (Mohs) hardness of the mineral constituents of the rock are 
associated with changes in the ploughing of a relatively soft 
mineral by a relatively hard one. 'The .adsorption.induced changes 
in the electronic structure of a solid affect its indentation or 
scratch hardness in a manner, according to Westwood theory (1974), 
that this hardness reaches its maximtnn value when the zeta potential 
of solid-environment is zero. For every material, according to this 
theory, the.selection of the right environment can obtain mechanical 
surface properties identical to those of the bulk of the solid. An 
increase in the magnitude (positive or negative) of the zeta potential 
of each mineral constituent environment present result in ci decrease 
of the scratch (Mohs) hardness and indentation hardness since they are 
related via simple mathematical expression (Bowden and Tabor, 1964, 
1966). If the relative difference between the hard and the soft 
minerals is increased, then wear by.plastic flow will be increased. 
If the difference in scratch hardness is reduced the wear by plastic 
flow will be reduced. 
(e) The changes in electronic structure, which are induced into 
the solid by adsorption, may markedly increase the mobility of near 
surface dislocations and hence under the influence of the stress field 
the geometry of a crack tip can be changed by plastic flow. As 
indicated in figure 40, a limited motion of small number of dislocations 
can have a dramatic effect on the geometry of the crack tip. The 
blunting of a crack is shown schematically. Such changes in the 
sh;rpness of the near surface flaws, results in larger critical stress 
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for fracture initiation. Subsequent crack propagation is also 
influenced by these changes, since a "blunter" crack will propagate 
at a higher stress and subsequently of a higher velocity than a 
sharp crack. 1be notch-brittleness of each mineral component of 
the rock can change in this manner, resulting·in a different fracture 
behaviour of the rock during sliding and hence in a large change in 
the wear rates and corrnninution. 
It appears that from the five possible influences discussed 
above, the latter three present some basis for an understanding of 
the influence of the environment. 1be following discussion attempts 
to interpret in detail the results of the friction, abrasion and 
milling tests. 1be effects of the environment are separately 
discussed for each of the experimental parameters used viz: (i) nature 
of the environment (ii) concentration characteristics. of the environ-
ment (iii) sliding speed and (iv) nonnal load. 
(i) lhe large diff~rences in the value of frictional force in 
the different alcoholic environments measured as a ftmction of sliding 
speed and nonnal load and the irregular dependence on the number of 
carbon atoms in the alcohol chain (Ne) may be explained by the different 
values of zeta-potential between each mineral constituent and environ-
ment. 1bis follows, since the zeta-potential is a non-linear function 
of Ne (as for example for quartz, Westwood and Mills; 1976). The 
differences in the measured wear rates of the abrasion tests in envi-
ronments of nonnal alcohols in aqueous suspension for Ne'= 1, 2, 3, 4 
and 8 (Figure 23) also show a. non-linear dependence on the value of Ne. 
The measured effects of the presence of the freshly corrnninuted 
solids in aqueous suspension (Figure 33) is also indicative of adsorp-
tion induced changes in the electronic structure of the mill charge. 
The new surface possesses broken chemical bonds and on account of the 
aqueous environment ~nd/or the molecules of the surfactant present 
they are surrounded by a double adsorption layer, which is charac-
terised by its own zeta~potential. The zeta-potential of the large 
rock pieces is therefore affected by the presence of these particles. 
The value of zeta-potential, resulting from both surfactant (or water) 
and freshly corrnninuted solids is different than the one of the 
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surfactant alone. The interaction between two surfactants and between 
a surfactant and freshly corrnninuted solids results in different values 
of zeta-potential in a manner similar to the one demonstrated by 
Westwood (1974) for binary solutions. For example iso-pentyl alcohol 
with solids and iso-pentyl alcohol with ethyl alcohol show different 
results in.tenns of milling efficiency. The size of the solids which 
are dispersed in the milling environment also influences the milling 
efficiency. For example, particles of -45 µm, present in an aqueous 
environment of iso-pentyl alcohol maintain better milling efficiencies 
than that of particles of -63 + 45 µm (Figure 34). 
(ii) The influence of the aqueous concentration of ethanol upon 
the measured wear rates due to abrasion, which-is shown in figure 24 
is similar to the changes in the zeta potential with the concentration 
of the surfactant in that they show a maxima (Somastnldaran, Healy, 
Fuerstena4,1964, Somasundaran, Agar 1967) and hence the occurence of 
chemomechanical phenomena is indicated. The differences in the size 
distribution of the autogenously milled product in pure n-octyl 
alcohol (Figure 31) and in 10 per cent by volume n-octyl alcohol in 
water (Figure 32) also indicates that the milling enhancement effects 
are dependent on the concentration of the surfactant in a manner 
that the 10 per. cent concentration obtains better milling efficiency 
· than the pure reagent. This can be explained by the obtained values 
of zeta-potential in relation to the optimum scratch hardness and 
notch brittleness of the mill ·charge by each of the.two environments. 
Similar are the effects of the by weight concentration of the fine · 
solids of the same size (Figure 33). 
(ii) The changes in the sliding speed influence the frictional 
behaviour, the wear due to abrasion and the size distribution of the 
autogenously milled product in ~ manner which may also be explained 
by the adsorption induced changes in the notch brittleness and the 
scratch hardness of the rock. The three different mechanisms of 
friction described in section 7.4, namely the mechanisms of roughness, 
brittle fracture of the tips of the asperities and of (the simultaneous) 
brittle fracture and plastic flow, take place at different sliding 
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speeds in each environment, because the material possesses different 
-- mechanical properties in each of these environments. ---=-- - The same may 
apply for the very small influence of the relative speed upon 
the wear due to abrasion (Figure 26)i~adifferent manner in each of 
the two used environments. 
Since the relative speed of the tumbling rocks in an autogenous 
mill changes with position in the mill, the mill type (i.e. dimensions) 
and rotation speed, the influence of the environment upon the 
efficiency of connninution is expected to change with the above 
variables. 
(iv) The irregular and unsystematic changes of the frictional 
force with the normal load in each of the environments may also be 
due to adsorption induced changes in the electronic structure of the 
material. Differences in the brittle fracture and plastic flow 
behaviour are associated ~ith different values of the measured 
frictional force (Figure 18), and the values of the parameter m 
of the Archard equation (and the associated frictional mechanisms). 
Similar are the effects of the normal load upon the enhancement of 
the measured wear rates in n-pentyl alcohol in comparison to those 
in water (Figure 25). Considering that the loads applied on the 
rocks in an autogenous mill cover a wide range of values for each 
mill, the-environmental enchancement effects will also be expected 
to vary in an predictable manner. 
7.7. Surface morphoiogy and shape characteristics of autogenously 
connninuted quartzite particles 
In addition to the influence of the environment on the size 
distribution of the milled product, which has been discussed in 
section 7.5., changes in the angular roundness of the autogenously 
milled particles with the milling environment and time, show inde-
pendently the influence of the environment. - These effects must 
originate from the influence of the environment on the notch 
brittleness and scratch hardness of the particles. 
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The sharp edges and the irregular angular shape of the particles 
show the importance of the transgranular cleavage fracture in auto-
genous connninution (section 6.3.4. -and 6.3.5.). Adhering particles 
of colloidal dimensions show that a limited amount of plastic flow 
also occurs during connninution in an autogenous mill. 
The similarity in the surface morphology of the autogenously 
connninuted particles and the detritus produced during the abrasion 
tests also conf irrns the conclusions based upon size distribution 
data viz: that abrasion is the main connninuting mechanism of auto-· 
genous milling. In view of the fact that it has been shown that 
abrasion occurs by brittle fracture and that it is the major mecha-
nism of the autogenous milling, the design and operation of the mill 
should optimise conditions promoting the process. 
7.8. The thermodynamics of the autogenous mill 
The energy input of an autogenous mill mainly consists of the 
kinetic energy introduced by the driving motors. This 'kinetic energy 
input is transfered to either the mill charge or the milling device 
itself. The elastic strain energy, introduced into the rock by 
impact and contact, changes into other forms of energy, viz: 
(1) New surface energy created by chipping and abrasion. 
(2) Internal elastic stresses developed by local temperature 
differentials associated with abrasion. 
(3) Plastic work during microplastic deformations. This 
dissipation will be influenced by the conditions of 
relative Speed, temperature and environment in the 
mill interior. 
(4) Changes in the rock structure produced by adsorption, 
phase transformations, or formation of amorphous mass. 
Interaction of the above forms of energy affects their magnitude 
and subsequently the connninution process of- the mill .• 
The friction between the mill charge and the internal surface 
of the mill ("liners") constnnes a part of the energy input, producing 
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heat and/or wear of the rock and the "liners". Acoustic energy is 
another fonn of energy which appear in the mill, originating from 
the kinetic energy input. It can be seen that the fonns of energy . 
which are involved in the interior of an autogenous mill are larger 
in number and more complicated than that of a slow compression 
corrnninuting device such as a jaw crusher. 
The output of the energy balance of an autogenous mill can be 
divided into two parts viz: the useful new surface energy of the 
corrnninuted product of a size distribution required by the mineral 
processing and, the non-useful energy. The non-useful energy 
output of the mill can be carried out by the rock product or via 
the connninution device. Connninuted particles finer than that 
required by the mineral processing size represent wasted energy. 
Wasted energy is carried by the connninuted product in the form of 
electrical charge (piezoelectricity, broken chemical bonds, electrons 
exchange), plastic deformation or structural changes (for example 
formation of amorphous mass). The non-u5ef°ul energy is dissipated 
through the mill in the fonn of heat, sound (acoustic waves) plastic 
work (deformation of the "liners") and new surface area on the 
worn "liners". 
The input, 'flow' and output of an autogenous mill is sunnnarised 
in Table IX. 
The useful energy output of an autogenous mill, (i.e. the new 
surface energy of the connninuted product with a size distribution 
according to the mineral processing requirements) can be estimated 
via the measured value of surface energy of quartz, 2 Jm-2 (Ball and 
Payne, 1976). The energy required for the connninution of one tonne 
of Witwatersrand quartzite of an assumed cubic shape into cubic· 
particles of -75 µm is of the order of 60kJ. The South African 
gold mining industry requires an energy input (kinetic energy of the 
driving motors) ranging from 30 to 100 MJ per tonne of -75 µm product. 
Thus the energy utilization, whi~h is obtained by the autogenous 
mill of indu.5trial scale is less than 0,1 per cent of the energy input. 
In order to emphasise that the major proportion of the energy 
output is dissipated in the form of heat energy, the following ca+-
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culations have been performed. 
The heating of one tonne of the rock, which occupies 30 per cent 
of the voltnne of the mill interior, may result in the development of 
a temperature differential DT, asstnning that no heat losses take 
place to the mill and the surroundings, is governed by the equation: 
Qt.T= m1 c 1 t.T + m2c26.T where Q.0.T. is the heat necessary for the 
deveio11ment" of the temperature differential .6T, m1 and mz the mass 
of the rock and of the water in the mill interior (equal to 1 ,and 
. 0,86 tonnes respectively), and c1 and cz heat capacities of the 
quartzitic ore and water (equal to 1 kJ kg-1 °c-l and 4,18 kJ kg-1 
0c-1 respectively). The development of a temperature differential 
of lOOC requires an energy of the order of 46 MJ while the de"elop-
ment of a differential of zo0 c requires 92 MJ. For T = 30°C 
and T = 4o0 c the necessary heat required is of the order of 138 
and 184 MJ respectively. That me;:ins that for the assumed idl"8.l 
heat insulation conditions, the development of a temperature dJffe-
rential of zooc requires an amount of heat of the order of 92 .i,.H''r 
cent of the energy input or more. The heat transfer may take place 
via the mill output or the drum itself, and hence the actual tempera-
ture differential will be smaller than that of our calculations. 
The low magnitude of the energy utilisation of the autogenous 
milling is indicated by the easy dissipation of th~ thennal energy, 
for. a temperature differential ·of th.e order of l0°c. Similar 
calculations on ball milling (Lowrison, 1974) have shown that 
these heat losses represent the 84,4 per cent of energy input, while 
an amount of the order of magnitude of 10,7 per cent of the energy 
input represents energy dissipation in the form of gear losses and 
bolt friction. 
Factors favouring the presence·of large values of relative 
velocity of the constituents of the mill charge should, therefore, 
be avoided, since the development of local temperature differentials 
during abrasion, the main comminuting mechanism of the process, 
increases with speed. 
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TABLE .• IX 
Energy Flow Cllaracteristics of an Autogenous. Mill ....... . 
ENERGY INPUT 
Kinetic energy (rotation motors) 
Heat of a possibl~ prior thermal weakening process 
I 
TO TIIE ROCK 
1. New surface energy 
(impact-compression, 
chipping and abrasion 
canminuting mechanisms. 
2. Plastic work. 
3. Internal stresses. 
4. Work related to changes 
in structure (adsorp-
tion, phase transfonna-


















mation and new 




l NON-USUFUL OU'IPUT 
I 
I I 
USUFUL OUIPUT VIA THE ROCK VIA THE MILL 
New surface energy 
of the corrnninuted 
product with a size 
distribution accor-




1. Product- finer than 
the required. 
2. Energy carried by 
the product in the 
fonn of electrical 
charge, heat, 




3. Plastic work. 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS · 
·It has been.established that the fracture load of the rock 
is a function of the rock rrrinerology, grain size and specimen 
diameter. 
Three irechanisms of friction have been found to take place 
during the sliding of two rock surfaces and their operation is 
a fun~tion of the applied nonnal load and the relative speed 
and the initial surface roughness. 
The main connninuting mechanism of the autogenous milling 
has been found to be abrasion and this has been shown to consist 
of brittle cleavage fracture phenomena. A limited amount of 
plastic flow is also involved. 
The nature and the concentration characteristics of the 
environirent has been found to affect the frictional, abrasion 
and milling behaviour of the rock in a manner which can be 
explained by changes of the magnitude of the zeta-potential 
between each rrrineral constituent and the environment. 
Surface heating and quenching have been found to cause 
microfracturing and consequently to increase the fragility of 
the rock. 
In view of these results the following general 
reconnnenda tions can be mde . 
The suitability of a given rock for autogenous milling can 
be related to its rrrineral composition, grain size, size to 
strength relationship and wear rates during abrasion. These 
factors can be tested in a convenient fashion by the employment 
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of drill cores as specimens for Brazilian and abrasion tests. 
For example Brazilian tests on drill cores of different 
dianeters may allow the prediction of the optimum size 
.. 
distribution at which pebbles~wear media are able to surviye 
during autogenous comminution in a given type of mill. Tests 
on the abrasion behaviour of a rock can be employed by testing 
apparatus similar to the one designed and used in the present 
work. Orthogonally rotated drill cores, under controlled 
conditions of angular velocity, normal load and torque will 
allow a prediction of the abrasion behaviour. 
Autogenous milling can be enhanced by the use of surface 
active additives. The selection of the optimlllil environnental 
conditions during autogenous milling, can be performed by the 
abrasion testing apparatus described herein. Further tests on 
the nature and concentration of the additive to be used should 
be conducted using laboratory, pilot plant and test autogenous 
mills. 
The energy requirements of the thermal treatments are 
relatively high, as for example the heating of one ~onne of the 
Witwatersrand quartzite at 40o0c requires 4CO MJ in comparison 
with .the 100 MJ required for the autogenous milling of one 
·tonne of the same ore. The application of thermal treatrents 
may be considered only on a portion of the run-of-mine feed of 
a mill, when that rock offers relatively poor autogenous 
milling results, with energy requirements higher than 100 MJ 
per milled tonne. The total energy requirements of such 
thermal and mechanical process are expected to be reduced to 
the values of 3CO or 200 MJ per conrrninuted tonne, a figure 
which does_ allow the application of this process of continuous 
basis. This method may be useful in terms of flexibility of 
the use of the existing size reduction equiprent when the 
run-of-mine ore is occasionally consisting of relatively tough 
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rocks and particularly when coal, nattrral or hot waste gas are 
available at relatively low cost. The expected reduced amount 
of wear of the liners and of the used steel balls in semi-
autogenous milling must also be considered in this case. 
In view of the fact that abrasion is the main corruninuting 
rrechanism of the autogenous milling the design and operation of 
a mill should be aimed at creating conditions which increase the 
wear by abrasion. The increase of the mill diarreter nrus t not 
exceed certain limits since the survival of the necessary annunt 
of pebbles-wear media may be disturbed, with negative effects 
upon the suitability of th~ process for the given ore. 
Considering that a large amount of the energy losses in the 
form of heat, any increase in the mill diameter or the mill 
speed cannot be reconnnended, particularly where the cost of 
the available energy is high. 
The wide variety of experiments which have been carried 
out during this study has enabled an appreciation of the 
impor,tance of the abrasion in autogenous milling, while the 
use of surface active additives was found to be another step 
towards the direction of the optimisation of the process. 
The results of these basic studies can now be used to advantage 
autogenous conuninution On industri.ai scale, with the subsequent 
positive effects upon the extraction metallurgy of low-grade 
ores. However, the energetics of the autogenous milling also 
indicate the necessity for the establishrrent of novel 
connninution methods with a better energy utilisation than that 
of this method or of other tl.Ullbling processes. Future 
connninution research, should therefore be directed towards 
the design of systems which minimise the use of kinetic energy 
and its subsequent loss in the form of heat. 
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NCMENCLA'IURE LIST 
a Lattice parameter 
A Particle image area 
Ac Number of composite particles 
AL Number of liberated particles 
b radius of a sphere 
c Specific heat 
C Crack length 
CLA Central line-average characterising the specimen surface 
roughness, taken by the "TALYSURF" profilometer 
D Initial specimen diameter 
D' Specimen diameter at the region of an abrasion track 
D m Maximum diameter of the particle image · 
DL Degree of liberation 
E Elastic modulus 
Es Specific energy (energy per.unit volume) 
F Frictional force 
Ft Frictional force for a given duration of contact 
F
0 
Frictional force for a zero duration of contact 
k Parameter of the Rosin-Rarrunler presentation of the -size 
distribution of rock particles 
k1 Constant related to the properties of the sliding materials 
when the applied normal load changes 
ka Surface shape factor (equal to A/Dm2) 
k0 Outline area shape factor (equal to A;p2) 
kth Thermal conductivity 







m Parameter of the Archard (1957) equation 
M Molecular weight 
~ Probability of formation of a particle of sieve size x 
n Parameter of the Rosin-Rammler presentation of the size 
distribution of rock particles 
p Equilibrium pressure 
P Fracture load 
r Radius of the crack tip 
R Gas constant 
. RR Reduction ratio 
Sm Specific surface of the adsorbent 
t Time 
u Constant for two sliding surfaces, when the relative 
velocity changes 
v Sliding speed 
w Track width 
x Particle siz~ 
Y Mass fraction undersize x 
a,. Mean coefficient of linear thermal expansion 
Nwnber of adsorbed molecules per surface area unit 
.Y Surf ace energy per.unit area or surf ace tension 
Ye 
Effective surf ace energy in an· environment 
y~:ff. 
Effective surf ace energy. 








Constant related to the duration of contact of two sliding 
surf aces 
Coefficient of relative wear 
( in an envirorunent/z in water) 
Coefficient of friction 
Poisson's ratio 
Density 
Stress required for fracture 
Compressive strength 
Tensile strength 
Mass loss (Initial weight - Weight after an abrasion test) 
· D-D/ /X 102 
Coefficient of linear wear ( /D ) 
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APPENDIX A 
1HE ROSIN-RAMvfLER PRESENTATICN OF THE DISTRIBUTICN 




Y= 1-exp(-(x/k) ) or Y=lOO(l-e ) 
describes the Rosin-Rammler presentation of the size distribution 
for a corrminuted product, where y and Y are the fraction and 
the precentage of the mass undersize x and n and k constants. 
The above equation may be rearranged in the following manner: 
n n 
- ( x/k) ( x/k) 
1-y ~e or 1/(1-y) =-e (for Y<l) or 
n 
log(l/(1-y) )::.(:x/~) and for 0< Y<l 
e 
log log (1-(l-y)): n(log x-log k). 
e e e e 
Special Rosin-Rannnler graph paper with log particle size 
as abscissa and with 100 (log log reciprocal), _from O, 1 to 
99,9 as ordinate, was used for the presentation of the size 
distribution of, the coilllllllluted produced by compression or 
antogenous milling. The parameter n of this presentation is 
the geometrical slope of the interpolated curve of the product 
size distribution points.· The parameter k has . the dirrensions 
of length, with a value which can be determined by the 
interpolated curve on the R6sin-Rarrmler chart for y:O ,632 
-1 
(or- Y= 1-e . ) ; 
AZ 
APPENDIX B 
~DIODORUS SICULUS (1st Century B.C.) 
BIBLOIBECA HISfORICA 
BOOK III, Chapter 12 
Trans . from ancient greek 
.•.•• 1he very hard rocks, which contain gold, are crushed 
by means of a strong fire, according to the following procedure. 
1he rock is heated and then impacted by iron bars, like the ones 
which are used in quarries1 . Thousands ~f rniners 2 break the 
hot rock, without any great effort, under the guidance of a 
technician. The rocks are extracted from the ore deposit by 
iron hamers, which are manipulated by the strongest of the 
miners. This extraction takes place in the form of galleries, 
which are mined not in a.straight line, but according to the 
direction of the gold ore deposit. The rocks which are 
extracted in these galleries, are carried with great efforts to 
the section, where the (secondary) corrnninution takes place. 
1he product of the thermal corrnninution, which is of small size, 
is carried to the surface by young boys, because of the small 
size of most of the mine galleries3. A further co:rrnninution 
of these rocks is perfonned by fa114 and iron bars impact. 
A process of milling follows, which is very similar to the 
baking powder preparation.· 1he size of the final product is 
5 very. small • · 
1. Unfortunately, Diodorus does not describe these quarry 
iron bars elsewhere. 
2. Diodorus extrapolates the nl.Ililber of the mine workers to 
lots of "ten thousands". He specifies that they are 
poor, but not slaves. 
3. The rock transportation difficulties arise, according 
to Diodorus, mainly because of the lirni ted space and 
sharp angles of the galleries. He also mentions that 
lamps were used, without specifying their typ~ or way 
of handling them. 
-.~ 
A3 
4. Diodorus describes this process as easy, because it 
is performed by men "older than thirty years" -
old miners by the ancient measures. 
5. Diodorus, then interrupts the description of the 
connninuting process, expressing his sorrow about 





SURFACE TFMPERATIJRE DEVELOPED DURING SLIDING 
The mean temperature , difference with respect to ambient~ 
developed between two sliding surfaces, at a range of sliding 
speeds between 4,23. x 10-7 and 4,23 x 10-3 ms-1 , is given by the 
equation (Jaeger, 1942, Bowden and Thomas (1954): 
68 = 0, II$ µ L v /1 k th , 
where it is assumed that the contact area is small in comparison· 
with the mass of the rock and is the coefficient of sliding 
friction, L the applied nonnal load, v the sliding speed, 21 is 
the length of the side of an assumed square area of contact 
between the rock specimens and k is the thermal conductivity of th . 
the material. 
The values of the parameters used in the above equation are: 
µ: from 0,45 to 0,94 
L: from 5 to 70 N 
v: from 8,46 x lo-7 to 4,23 x lo-3 ms-1 
21: from 100 to 500 m 
k: from 0,72 to 12 Wm deg-1 * 
The values of 68 are: 
6, 24 x lo-4deg 0 c < 68 < 18 ,17 deg 0 c 
*The thermal conductivity of the mineral constituents of quartzite 
and some rocks is given as (in W m-1 deg -1): 
mica (nruscovite) for 100°C O, 72 Quartz: -" c axis for o0 c:. 12 
for 300°C 0,65 ...L c axis 6,8 
for 600°C 0,69 
Rocks: (at 20°c) granite 2,2; sandstone 1,3; shale~ axis; shale \l_ 
axis 2, 5). 
AS 
APPENDIX D 
PRESSURE APPLIED AT 1HE CONTACT AREA OF TWO ROCK SPECIMENS 
DURING IBE FRICTION EXPERIMENTS 
1he values of the contact area A can be estimated from the 
friction grooves shown in the scanning electron niicrographs. 
1he width of the friction grooves, which are dependent on the 
sliding speed and the normal loads applied, varies from 100 to 
500 µm. Assuming that the contact area A between the two rock 
specimen falls in a circle, of diameter Dg t_he estimated width 
of the grooves, the contact area A = :rr.n2/ 4 would be: 
- . - - g 
-10 2 -10 2' 
25 x 10 m < A < 625 x 10 m . 
For normal· loads from 5 to 65 N, the applied pressure p = L/ A would 




PHYSICAL PROPERTIES OF 1HE USED ENVIRO"t-MENTS 
The values of .the-viscosity, thennal conductivity and specific 
heat of some of the environments used are shown in table&. 
The values of the compressibility of the same reagents at 
the stated temperatures and pressures are also shown in table E 
together with data related to their solubility in water (Perry, 
1963). The dependence of the viscosity of ethyl alcohol on its 
aqueous concentration at temperatures from o0 to 40° is shown in 
figure (El), while the dependence of the viscosity of ethylene 
glycol on its aqueous concentration at zo0c is sho'\Tll in figure 
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FIGURE El 
Influence of the temperature upon the viscosity of aqueous 
environments of ethyl alcohol of various concentrations. 
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20 40 60 80 100 
ETHYLENE GLYCOL 
PER CENT BY VOLUME IN WATER 
FIGURE E2 
Influence of the concentration of ethylene glycol in water upon 
the viscosity of the system. · 
.,.,:;. 
TABLE E_ 
VISCOSITY IBERMAL SPECIFIC 
SOLUBILITY*** CG1PRESSIBILITY*** DENSITY MOLECULAR 
REAGENT CONDUCTIVITY HEAT 
IN 100 PARTS _Per Pa y1()6 ·kg m-3 WEIGIIT · at 20° OF WATER Temp. uC_ Pressure cP and 1 atm mwm-1 K-1 at 20°c Jkg-1 c-1 COLD HOT Pa 
Jemp. 
c 
~TiiANOL 0,571 * 204*** :5-10 462 SOWBLE 15 230 10,3 792 32 
ETHANOL i,192* 168*** 0-98 2842 SOLUBLE 14 230 10,0 790 46 
PROPANOL 2,255* 172***. SOLUBLE 20 2000 7,7 800 60 
::i 
ISO-PROPANOL 2,369* 158*** 0-19 2353 SOLUBLE - - - - 60 
BUf ANOL 2,947* 169*** 21-115 2872 9 SOLUBLE - - - 810 74 
PENTANOL 5,091* 22-125 2971 2,7 SOLUBLE 20 5000 6,1 820 88 
HEPTANOL - - .... - 0,18 SOLUBLE - - 874 116 
OCTANOL -- - - - 0,054 SOLUBLE - - 827 130 
ETHYLENE 17 ,O* 243*** ·0-20 2395 GLYCOL 
TOLUENE 0,586* 136*** 0,05 SOLUBLE 20 2000 7,4 860 92 
ACETONE 0,50* 162**"' 12-99 1839 SOLUBLE SOWBLE 14 230 11,1 792 58 
·-
WATER 1,0* 597** I 3C22 2148 20 130 4,9 
20 2000 4,3 1000 18 
' 20 5000 3,9 
' 
*HATSCHEK, 1928 ***PERRY (Ed), 1963 
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APPENDIX F 
DESIGN OF Tiffi CONTROL SYSTEM OF THE MITTORS USED FOR THE 
RITTATION OF THE ROCK SPECIMENS IN 1HE ABRASION 
TESTING APPARATUS 
In view of the constant conditions of angular velocity and 
torque required for the abrasion testing procedure, the motors 
used had to maintain a constant torque for a given range of 
rotation speeds. Since sufficiently constant speeds are 
maintained only by DC motors, two 0,72 W DC-motors (Plate 38) 
were selected. The change of speed for a DC-motor takes place 
by the application of a variable DC-voltage, but the voltage 
control itself cannot maintain constant torque for different , 
speeds. This problem was solved by the sychronous control of 
the voltage and current input of the motors used, by a Thyristor 
(Plastelect (Pty) Ltd., Johannesburg) bridge card (figure Fl). 
This system of control, had a single phase 220V AC input and 
maintained adjustable current and voltage in a wide range for 
torque and RPM output of a given DC-motor. The schematic of 
the controls system layout for a 0,7 W DC motor, is shown in 
figure (F2). 
THYRISTOR BRIDGE LAYOJT 
o IPo 
THYRISTOR BRIDG~ I 
CARD 
0 
0 0 0 0 0 0 
N 
L L ~1 ~1 ~ > > > 
CURRENT CONTROL 
FIGURE Fl 
Layout of the 1hyristcrbridge used for the control of the 
rotation motors of the' abrasion testing apparatus. 
FIGURE F2 . 
Layout of the circ~it of the control system '.used for the 
















VOLTS 220 VOLTAGE · I 200 
MAX ARMATURE 
CURRENT 7·5 CURRENT 5 
PHASE 1 KW 0·7 
FIELD VOLTS 190 
FIELD AMPS I 0·7 
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APPENDIX G 
DESIGN ASPECTS OF TIIB.CLAMPING DEVICE FOR Tiffi ROCK 
SPECIMENS, IBE POWER TRANSMISSION JOINTS AND Tiffi 
IDLER ROLLERS OF Tiffi ABRASION TESTING APPARATIJS 
1be testing on.the abrasion behaviour of the drill core 
specimens required an efficient way of holding the cylindrical 
rock pieces in a manner which would not call3e damage on the rock 
surfaces and allow multiple use of the same pair of specimens. 
1be clamping device used consisted of the three items A, B, and 
C, (Plate 37 a, b, c and figure Gl). 1be rock was successfully 
- grippea·--a:nd 'tfie setting up procedure did not present particular 
problems. Rotation at a-range of selected constant speeds and 
torque was required while a relative vertical change of position 
of the two rock specimens (or a change of the vertical position 
of the specimens in relation to the rotation axes of the motors), 
was necessary. A pair of universal joints was selected in order 
to meet these requirements, connected with intermediate shaft 
(200 rrnn long, 25,4 rrnn diameter) maintaining a working angle 
larger than the one required by speeds 25 to l()(X) RPM (5°) and 
torque 46 to 922 Nm for the type of the used specimens (Plates 
37a and 38). 
1be idler rollers, required for the application of the 
normal load from the testing machine to the rotating rock 
specimens, consisting of the housing frame, the rotation shaft 
with bearings and the coated rollers, (Figure G2} were attached 
directly to loading platten of the testing machine. 
' . . I 


















1he clamping device used for the rotation of the abrasion 
testing drill core specimens, consisting of three items, viz •. 









































The idler rollers used for the application of the normal load on 
the rotating abrasion testing specimens. The rollers consist of 
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SEM. IM\GE ANALYSIS OF CO~INUI'ED QUARTZITE 
PARTICLES FROM AUfOGENOUS MILLS 
The values of the shape factors of each of the particles 
of the examined groups of particles, which are described in 
section 6.3.~ and SUITilllarized in table VIII, are listed in the 
tables H-I to H-VII. 
TABLE H-I 
Surface and outline area shape factors of particles taken from the 







0 ,4307 0,0609 
0,3881 0,0669 
0,3594 0,0539 .I 
0,3994 0 ,0613 
0,4007 0,0604 
ARITIMETIC 
MFAN VALUE 0,3976 0~0610 
All 
TABLE H-II 
Surface and outline area shape factors of particles taken from 
the interior of a fully autogenous test mill. 
' 





0,3213 0 ,0538 . 
0,3401 0,0629 




0 ,4294 0,0647 
0,4760 0,0694 













Surface and outline area shape f~ctors of particles taken from 









0,4227 . 0 ,0631 
0,3918 0,0611 
0 ,3711 0,0577 
ARITHMETIC 
MEAN VALUE 0,4880 0,0717 
TABLE H-IV 
Surface and outline area shape factors of particles taken from 













0 ,4811 · 0,0781 
0 ,3711 0,0567 
AA.ITHv!ETIC 
MEAN VALUE 0,3775 0,0567 
Al3 
TABLE H-V 
Surface and outline area shape factors of particles taken from 
the product of laboratory autogenous mill after a 240 minutes total 
Surface and outline area shape factors or particles taken from 
the product of a laboratory autogenous mill after a 360 minutes 














MEAN VALUE 0,4470 0,0648 
Al4 
TABLE H-VII 
Surface and outline area shape factors of particles taken from 
the product of a laboratory autogenous mill in n-butyl alcohol 

















The fracture and thermal weakening of quartzjte in relation to 
comminution 
INTRODUCTION 
Present methods of rock breakage 
are inefficient since approximately 
108J (30 kW. hr) of energy are 
used to convert 1 tonne of rock 
into 100 µ,m particles whereas a 
measured value of surface energy 
of 2Jm- 2 indicates that 4 x 104J 
should be sufficient1. The difference 
must be wasted as kinetic, thermal 
and acoustic energy in addition 
to the plastic deformation and wear 
of the cutting, crushing and milling 
machinery. 
Since the excavation and com-
minution of rock for the purpose of 
mineral extraction is a process of 
tfacture it would seem reasonable 
or apply physical theories in order 
to investigate the optimum condi-
tions. In thi way it could be hoped 
that the present inefficient tech-
niques could be improved or dis-
carded in favour of better systems. 
Although two authors, Rumpf2 and 
Schoenert3 have given attention to 
this type of approach, it would 
seem an appropriate time to con-
sider the particular case of quartzite 
since several papers have recently 
appeared in the literature which 
examine in detail the fracture and 
deformation of quartz4, s, s. 
The first section of this paper 
therefore examines the physics of 
fracture with reference to quartz . 
Thermal treatments are then con-
sidered as methods of introducing 
sharp cracks and t he potentials of 
the technique are estimated from 
the results of some laboratory experi-
ments. 
ENERGY BALANCE DURING 
FRACTURE 
Any description of the fracture 
process must obey the principle of 
conservation of energy. Griffith 7 
balanced the input of strain energy 
*Dopm·tment of i\fotallurgy and Ma te rials 
Sric11 co, Univo1·sity of Capo Town. 
by A. KANELLOPOULOS* and A. BALL* 
with the production of new surface. 
It has been realised that energy may 
be dissipated in several other forms 
in addition to surface energy. The 
fragments produced will possess 
kinetic energy and cause acoustic 
vibrations. The condit ions of stress 
at t he crack t ip may promote 
plastic strain by di slocation motion 
and the sernre lattice distortion 
may cause heat disaipation . Certain 
materials may also rad iate energy 
as a result of electron excitation at 
the crack tip. From the point of 
view of comminution these addi-
t ional forms of energy rep resent an 
inefficiency. Ideally , all the energy 
produced by external forces should 
be converted into surface energy 
only . 
At any instant during fracture 
under condition of constant stress, 
a1, thermodynamics requires t hat 
the total energy of the system 
remains constant. Thus 
U -(El+ S + D) = const 
where U is the work done by 
external forces, El is the elastic 
energy produced, S is the surface 
energy produced and D is the 
energy dissipated in other forms. 
During crack growth 
d(El- U) /dc+ dS /dc+ dD/dc = O 
The expression - a/0 2/E* has 
been derived by Inglis8 for the 
net energy potent ia l of the specimen 
stressed in uniaxial t ension i.e. 
(El - U), and S = 4yc where y is 
the surface energy per unit area and 
2c is the crack length . Thus 
dD/dc= 2a,2c/E -4y 
Init ially, before the crack grows, 
D will be zero at C= Co and propaga-
t ion will only commence, according 
to the Griffith formulation, when the 
rate at which available potential 
energy increases in the specimen 
can equal the rate at which surf:i,ce 
energy is requ ired. It is important 
to note that although the rate of 
increase of potential energy increases 
linearly with the crack length , the 
surface energy is produced at a 
constant rate. Thus an increasing 
amount of energy becomes available 
for kinetic, plastic, therma"i · and 
other dissipative processes during 
fracture propagation. From t his 
type of reasoning it would seem 
that no improvement in efficiency 
is possible since a given amount of 
elastic strain energy is required for 
the initial propagation of the crack. 
However , the situation is never 
ideal in terms of the Griffith energy 
criterion for the following reasons. 
Although the length of the nucleat-
ing notch or flaw may satisfy the 
formulation at the g iven applied 
stress, t he tensile stress at t he crack 
t ip may be insufficient to break the 
atom bonds and effect propagation. 
The 'sha rpness' of the crack tip 
determines the concentrated stress 
at the crack tip ( ':::'. 2a(c 0 /p)t where 
a is the applied stress and p is the 
crack t ip radius) and, unless the 
radius approaches atomic dimen-
sions, the external stress will be 
in excess of the stress indicated by 
the Griffith criterion. In general 
therefore an overstress is required 
for fracture unless special tech-
niques arc used to produce sharp 
crack nuclei. This overstress resul ts 
in the rapid acceleration of the 
crack to high velocities and large 
dissipation of strain energy as kinetic 
energy . Thus t he generation of a 
high denisty of sharp cracks in the 
rock by some treatment would 
reduce the general stress level re-
quired for comminution and so 
increase the efficiency of the grinding 
process. 
Since brittle fracture propagates 
in response to the local tensile 
stress at tho tip of a pre-existing 
notch or crack, the configuration of 
the externally applied stress will 
determine the magnitude of the 
applied stress required to produce 
the critical stress at the pre-existing 
notch or flaw. Pure uniaxial t ension 
is a very efficient contiguration while 
a uniaxial comprcssirn is only 1/8 
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as effective according to the pre-
dictions of Griffith. Experimental 
work on single crystals of quartz 
suggests that the ratio is 1/20 while 
the strength in bending is only 
slightly greater than that for uni-
axial t ension. It is obviously im-
portant to choose a comminution 
process which is efficient in pro-
ducing tensile stresses within the 
particles. Pure t ension is impossible 
for particle breakage but bending 
forces could be achieved with careful 
design of the plattens of a crushing 
machine or the rolls of a mill. 
Any comminution process which 
involves stressing by impact loading 
is likely to be inefficient in t erms of 
energy utilisation. A stress applied 
by impact will, in general, be far 
in excess of that which is required 
to propagate fracture from an exist-
ing flaw. The excess energy will be 
dissipated as kinetic energy. This 
will result in mechanical wear and a 
temperature increase of the machin-
ery. In a process such as millillg, 
there may be secondary impacts but 
a large proportion of these will be 
against the containing walls. The 
occurrence of plastic deformation 
in the rock at the crack tip would 
also represent a proportion of wasted 
energy but, more important, is the 
blunting action which would result. 
If the applied stress generated a 
local shear stress that was in excess 
of the critical resolved shear stress 
for plastic flow of the particular 
material under the given t esting 
conditions, then the crack would 
plastically blunt. The reduced tensile 
stress concentrating effect of the 
blunt crack then results in a higher 
fracture stress. Thus conditions 
favourable to plastic flow in the 
quartzite must be avoided in com-
minution processes. Fortunately this 
does not present any practical 
difficulty in the case of quartzite, 
since it has been shown4 that 
dislocation motion is not appreci-
able below temperatures of about 
600 °C. The presence of water is 
known to influence the stress re-
quired for the fracture of silicate 
materials. Experimental evidence 
indicates that the water molecule 
is capable of hydrolysing the Si-0 
bond. The reaction will be activated 
by the concentrated stress at a 
notch in a stressed body. In this 
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way the presence of water molecules 
will aid the sharpening process 
and lower the external stress re-
quired for fracture of comminution. 
In view of these discussions the 
ideal comminution system would 
comprise a slow crushing process on 
finely serrated plattens or between 
grooved rolls. This could generate 
3-point bending in the particles 
and ensure minimum dissipation 
as the kinetic and thermal energies. 
The breakage should be performed 
in wet conditions. This configuration 
would lead to compaction or 'bed-
ding' of the particles and loss in 
crushing efficiency with time. The 
problem may be eliminated by 
vacuum withdrawal of the fine 
particles through numerous small 
holes in the lower platten and a 
vibratory or rotary motion of the 
upper platten. High frequency or 
ultrasonic vibrations could aid break-
age in addition to dispersing the 
fines. 
A CONSIDERATION OF 
THERMAL FISSURIN G 
The importance of introducing 
high densities of sharp cracks or 
fissures into quartzite which would 
subsequently act as crack nuclei 
during crushing and comminut.ion 
has been discussed in the previous 
section. This fissuring could be 
achieved by thermal t echniques on 
account of 
(i) the differential thermal expan-
sion or contraction due to 
t emperature gradients within 
particles of rock, which can 
be produced by thermal shock, 
(ii) the inter-granular stresses which 
will be generated between the 
individual crystals of the quartz-
ite due to anisotropy of thermal 
expansion, 
(i ii) the stresses produced by volume 
changes which accompany the 
a-+/3 phase transition at 573 °C, 
and 
(iv) t he stresses produced by volume 
changes of mineral inclusions 
and gaseous evolutions. 
Certainly factors (i) and (iii) 
cause rapid fracturing of single 
crystals of quartz. Rapid changes 
in t emperature of as little as 150 °C 
from ambient promotes multi-crack-
ing of crystal plates. Heating through 
the phase transition temperatures 
at rates as low as 1 °C per second 
causes fracture due to the sudden 
volume change of 0,86 %. The 
stresses generated by the four 
mechanisms can be estimated as 
follows: 
(i) the maximum triaxial tension 
which can be developed at the 
centre of a sphere of quartz 
which has a radius b= l cm, 
an average thermal conduct-
ivity, k= 8,9 W .m- 1K- 1, a speci-
fic heat c= l,18 x l03Jkg- 1oc- 1, 
density p= 2,6 x 103kgm- 3, a 
mean coefficient of linear therm-
al expansion a = l 0,6 x 10- 6C- 1 
and Young's Modulus E = lOO 
GNm- 2, when it is subjected to 
a sudden increase in t empera-
ture t::,.T is given approximately 
by 
0,38 a E 6 T 
The maximum tensile stress is 
attained after a t ime 
t= 0,057 b2cp/k 
Thus in the present case the 
stress will reach 200 MNm- 2 
in about 2 seconds when sud-
denly heated to 200 °C and 
360 MNm- 2 in a similar t ime 
when suddenly heated to 600 °C. 
The corresponding strains at 
the centre will be approxi-
mately 2 x 10- 3 and 3,6 x 10- 3 
respectively. Temper at u re 
gradients produced on rapid 
cooling will produce stresses of 
similar magnitudes. 
(ii) The trigonal symmetry of 
a-quartz is manifested in the 
anisotropy of the thermal expa~ 
sion coefficients. The expansion 
coefficient along the C-axis is 
7 ,5 x l0- 6K - 1 and normal to 
the C-axis the expansion co-
efficients have the value of 
13,7 x l0- 6K - 1 • Thus, on heat-
ing or cooling a polycrystalline 
quartzite sample, stress will 
be generated due to the misfit 
of any one grain with respect 
to the 'average' surrounding 
matrix . An estimate of the 
misfit can be made in the 
following way. Consider the 
removal, at a given temperature, 
of a spherical anisotropic grain 
of unit diameter from the 
average matrix. Now, on change 
of temperature t::,.T, the hole 
will have increased (or de-
creased in the case of cooling) 
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its diameter by 10,6x 10- 6 t::,.T , 
and the grain will have changed 
its dimensions by 7,5 x 10- 6 t::,.T 
and 13,7 x 10- 6 t::,.T along the 
normal to the C-axis respect-
ively. The resulting maximum 
strain which will have to be 
accommodated when t he grain 
is inserted into the hole, will 
be about ± 2/3 x 3,l x 10- 6 t::,.T. 
The factor of 2/3 is introduced 
because the system is now 
constrained. The strain on in-
creasing the rock temperature 
from ambient to 200 °C will be 
~ ± 4 x 10- 4 and from ambient 
to 600 °C it will be 1,2x 10- 3. 
The corresponding stresses will 
be about 40 MNm- 2 and 120 
NMm- 2. From the previous 
discussion one would expect 
that the tensile stresses gener-
ated in the direction of the 
C-axis on heating and the 
tensile stresses generated norm-
al to the C-axis on cooling 
would promote microcracking 
during thermal cycling treat-
ments . 
(iii) During the a~f3 transformation 
in quartz at 573 °C, there is a 
sudden change in density. The 
volume increases by 0,86 % at 
the phase change and the axial 
ratio of the structure shows a 
discontinuous change. On heat-
ing a sample of quartz or 
quartzite through the trans-
formation temperature internal 
stress will be produced on 
account of the volume change 
at the interface between un-
transformed regions and trans-
formed regions . Extremely uni-
form heating would be required 
to avoid this cause of stress. If 
the anisot ropy of linear dimen-
sions is ignored then the intro-
duction of a small volume of 
a-quartz in place of an equal 
mass of a-quartz would result 
in an 'unconstrained' strain of 
1/3 X 8,6 X l0- 3 and a con-
strained strain of 2/9 x 8,6 x 10- 3 
or about 2 X10- 3. 
(iv) The stresses generated during 
the decomposition bf mineral 
inclusions such as pyrites arc 
difficult to estimate but tho 
volume changes and the release 
of gaseous products may well 
be sufficient to initiate flaws. 
Our experimental observations 
confirm this conclusion. 
It can be seen that the strains 
generated for t he reasons considered 
can attain values in the region of 
2 to 3 x 10- 3. The magnitude of the 
resulting tensile stress wh ich may 
induce cracking is not easy to assess 
since t he shape of t he particles 
and grains will not be spherical as 
assumed in t he above treatments. 
Stress concentration geometries may 
increase t he stress to values above 
those calculated above viz. 40~300 
MNm- 2 • The criterion for fissuring 
will t hen be t he relative magnitude 
of t he stress created and the meas-
ured strength of unnotched crystals 
and transgranular strength of quartz-
ite. The former is given as 83 to 
llO MNm- 2 while the latter will 
be considerably smaller . It can thus 
be concluded that considerable 
microfracturing wi ll be produced 
and by applying a rapid temperature 













cracking could be produced by a 
subsequent quench from this tem-
perature. 
EXPERIMENT AL WORK AND 
RESULTS 
The following experimental tech-
niques were used to estimate t he 
weakening effect of t hermal treat-
ments and to monitor the micro-
fissuring produced . Five types of 
rock have been investigated and 
these have been designated A 
fine grained quartzite containing 
little or no mineral particles, B fine 
grained quartzite containing mica 
particles, C fine grained quartzite 
containing pyrites and mica, D 
pebble quartzite containing pyrites 
and mica and E synthetic quartz 
crystals. 
(1) Tensile Str ength of Quartzite 
A convenient way of measuring 
the tensile strength of rock is the 
Brazilian t est. Samples, 25 mm dia. 




Fig. I-Influence of the temperature of heat treatment on t he tensile st rength of 
quart zite (A, B, C) 
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and 50 mm in length, were com-
pressed between plywood faced plat-
tens, and the t ensile strength was 
estimated by using the value of the 
maximum load P sustained by the 
specimen in the expression 2P/71DL 
where D is the diameter of the 
specimen and L is its length . The 
values obtained for the samples of 
rocks A, B and C after quenching 
from various temperatures are shown 
in Fig. 1. The strength falls con-
tinuously with quenching tempera-
tures and a 50 per cent reduction of 
the original strength is achieved 
by a quench from 600°0. The quench-
ing in these experiments was per-
formed by quickly removing the 
specimen from the furnace and 
immersing it in cold running water . 
(2) Ball Milling and Crushing 
Experiments 
Three experiments were performed 
to assess the influence of thermal 
treatment upon comminution pro-
perties of quartzite . 
(i) Small pieces of rock (type D) 
( < 1 cm diameter) were loaded 
into a stainless steel cage which 
was then suspended in the hot 
zone of a vertical furnace. 
After 15 minutes the cage was 
allowed to fall into water at 
ambient t emperature. The ex-
periment was carried out for 
six elevat ed temperatures. In 
one experiment, the rock was 
slowly cooled from 680 °0. Each 
cage of t reated rock was then 
ball milled for a constant time 
using a feed size of 2,38 to 
4,76 mm. The resulting particle 
size distributions are plotted 
on four curves in Fig. 2 as the 
resulting percentage less than 
44, 74, 105, 150 t-tm as a function 
of the temperature of heat 
treatment. 
(ii) Pieces of rock (type D) of 
approximately 50 mm diameter 
were quickly introduced into a 
vertical furnace which had been 
set at given temperatures. After 
15 minutes the rock was released 
into water at room temperature. 
The experiment was carried 
out for six different t empera-
tures. In addition, a rock sample 
was slowly cooled from 700 °0. 
The samples were then put, 
together with a small amount 
of water, into a special cup and 
then crushed in a testing 
machine at a rate of 0,021 mm 
sec- 1 . Typical load-displacement 
curves are shown in Fig. 3. The 
resulting particle size distribu-
tions are plotted in Fig. 4 as a 
function of heat treatment tem-
perature. 
(iii) Small 10 mm cubes of rock 
(type D) were heat treated in a 
similar manner to those in 
experiment (ii) and then 
crushed in compression. The 
size distribution of the product 
is shown in Fig. 5 as the per-
centage of the total weight 
which is retained in the screens 
of the sizes indicated. 
The three experiments clearly 
show that heat treatment above 
400 °0 improves the comminution. 
However, large improvements are 
not realized until temperatures above 
the a~/3 transition are used . Further 
experiments are now in progress 
in order to assess the importance 
of heating and cooling rates. 
(3) Dilatometry 
Dilatometry has been carried out 
on samples of synthetic quartz 
crystals and the various quartzite 
rocks (A, B, C and D). Specimens 
Fig. 4--lnfluence of t he temperature of heat treatment on size d istribution of 
crushed quartzite (D) 
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free of cracks and defects were 
carefully chosen and cut to the 
dimensions 50 x 3 X 3 mm wit h paral-
lel end faces. The results for heating 
to l000 °C at a rate of 8 °C 
per min. a re shown in Fig. 6. The 
curves are very simi lar and approxi-
mate to those previously published 
for quartz crystals 9• It should be 
noticed t hat the specimens C and 
D which contain many mineral 
inclusions show large dilations at 
t emperatures above 600 °C. This 
may be due to t he volume change 
on decomposition of the pyrites . 
The specimen of rock D contained 
a massive par:ticle of pyrites and a 
large dilation occurred at approxi-
mately 640 °C. 
The permanent deform ations after 
slow cooling from various t empera-
tures are shown in Fig. 7. The curve 
shows a smooth exponential increase 
with temperature and no discon-
tinuity at the a--;:_ /3 transition t em-
perature. The permanent deforma-
tions are presumably due to micro-
fractures and elastic strains pro-
duced by mineral t ransformat ions. 
( 4) Fracture Detection 
Sections 6 mm thick of the rocks 
A, B , C and D and quartz crystal 
were polished on both faces to a 
6 µm finish. These were heated 
in a fluidised bath furnace to tem-
peratures up to 600 °C. After 15 
minutes the specimens were re-
moved and quenched in running 
water. In addition, a specimen of 
rock C and a specimen of synthetic 
quartz were heated in the bath 
at 550 °C and then allowed to cool 
slowly in the bath. The specimens 
were then examined and photo-
graphed by reflection microscopy . 
The fracture density was an obvious 
function of the heat treatment and 
many of t he fractures seen in the 
rock samples appeared to be associ-
ated with inclusion particles . The 
density of micro-fractures was then 
det ermined by two different tech-
niques. (i) The intensity of light 
transmitted, at fixed posit ions, 
through the specimen from a stand-
ard source \Vas measured by means 
of a photoresistance cell. The re-
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corded intensity (resistance) will 
be a function of the num her of 
internal fractures whi ch disperse 
the light. The results are shown in 
Fig. 8 and it can be seen that a 
signifimnt increase in defects occurs 
in specimens which had been heated 
to temperatures above about 425 °C. 
(ii) The attenuation of an ultrasoni c 
signal was measured as a function 
of the t emperature of the heat 
treatment. The specimens used in 
the above experiments were placed 
between a probe and a receiver and 
the signals were recorded on an 
oscilloscope. The attenuat ion will 
be related to the density of cracks 
within t he specimens a nd the results 
are included in Fig. 8. The form of 
the experimental resul ts is similar 
to that obtained by t he optical 
method. It can be concluded that 
extensive microfissuring occurs dur-
ing heat treatment and t he number 
and exten t of fractures increases a t 
""425 °C. 
DISCUSSION 
It has been shown that sharp 
initiating fi ssures are required for 
effi cient rock breakage and the 
possibility of introducing these fi s-
sures by t hermal treatments has 
been t he subj ect of the preliminary 
experiments described here. More 
work is required to establish the 
importance of the various factors 
viz ; heating a nd coo li ng rates and 
the optimum density of fi ssures 
required. It would appear that, 
temperatures as low as 400 °C may 
be sufficient to produce a significant 
increase in t he efficiency of sub-
sequent comminution . From an 
energy consideration the problem 
of heating rock to these temperatures 
is cost ly. Quartzite has a specific 
heat capacity of a bout 103J .kg- ioc- 1 
in this temperature range and thus 
the energy required to reach 400 °C 
is approximately 4 X108J. tonne- 1• 
If the subsequent grinding requires 
say 5 x 107J .tonnc- 1 then the total 
consumption is of the same order 
as t hat of the methods prescnt.ly 
used in the industry . It would 
thus appear that the proposed 
therma l techniques do not. wa rrant 
any further consideration. However, 
the following facto rs should be 
taken into account. (i) It has not 
yet been estab lished whether the 
total ma.ss of rock sample has to 
be heated . If cffect.ivc weakeni ng 
results from t he strains induced by 
superfi cial heating then t he thermal 
power required will be mu ch reduced. 
(ii) The mechani cal strength of t he 
heat treated rock should remove 'th e 
necessity for multi- stage breakage 
operations. The rock could he tmns-
ferred directly to the rotary mill s. 
(iii) The fragility of t he heat t reated 
rock is such t hat the subsequent 
breakage operations can be per-
form ed without the excessive mech-
anical wear of mill liners and 
components. The resultant saving 
in downtime and replacement parts 
could be substantial. (iv) Although 
the heat treatments described may 
be of minima l advantage in terms of 
the energy required for the com-
minution of the gold hearing quartz-
ites of the Witwatersrand , the 
techni que may be very effective for 
other mineral bearing rocks wh ere 
large volume changes result from 
low temperature phase changes. 
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MICROSCOPICAL OBSERVATIONS ON FRICTION TRACKS 
PRODUCED BY SLIDING QUARTZITE SURFACES 
A.C. Kanellopoulos and A. Ball 
Department of Metallurgy and Materials Science, University of Cape Town 
The study of the frictional behaviour of rocks will allow a better 
understanding of the processes occurring in coIIllilinution systems. Witwaters-
rand quartzite specimens, taken from cylindrical drill cores of known sur-
face roughness, were used for sliding tests carried out under point con-
tact, at various relative speeds, under various normal loads and in the 
presence of various liquid environments. The coefficients of static and 
sliding friction were found to change with the normal loads, the sliding 
speeds and the initial surface r oughness in a different manner for each 
environment used. Changes in the frictional mechanisms involved were 
indicated by these results and a S.E.M. examination of the friction tracks 
produced on the specimens, has provided an understanding of these 
mechanisms. 
For a medium grained quartzite ( - lmm), the friction tracks formed in 
water were found to change with the sliding speed or the normal load in the 
following manner. No distinguishable surface damage on the sliding track 
was observed for tests performed under loads smaller than 15N for a con-
stant sliding speed of 8,46 x 10- 5ms-1 (fig. 1) or under a normal load of 
20N for speeds lower than 4,23 x 10-5ms-1 . These conditions do not 
promote grain removal or fractur e and thus the surface asperities "climb" 
each other according to the roughness theory of friction 1 2 . For loads be-
tween 15 and 40N or sliding speeds between 4,23 x lo-4 and 4,23 x lo-5ms-l 
only the tips of the surface asperities fail by brittle cleavage fracture, 
as it is shown in fig. 2 and at h igh magnification in figs. 3 & 4, verify-
ing the friction mechanism propos ed by Byerlee 3. For normal loads higher 
than 40N or sliding speeds higher than 4,23 x lo-4ms-1 , the friction theory 
of adhesion and ploughing, propos ed by Bowden and Tabor4 for metals, is 
appropriate since the smooth extruded appearance of the phyllosilicates in 
the friction groove and the presence of the fine gouge-debris shown in 
figs. 5, 6 & 7, is evidence of plastic flow processes. Some quartz grains 
are simultaneously removed by intergranular failure of the surrounding 
phyllosilicates, as is shown by the flakes in the grain cavity of fig. 8. 
Using different environments, such as normal alcohols, ethylene glycol, 
oleic acid, acetone or toluene, or different surface finishes of the rock 
specimens, the above mechanisms were found to occur in different regimes of 
normal load and sliding speed. This behaviour can be explained in terms of 
the changes induced in the solids by adsorption phenomena. 
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S.E. M. CHARACTERISATION OF AUTOGENOUSLY COMMINUTED QUARTZITE 
A. C. Kanellopoulos and A. Ball 
Depa rtment of Met a llurgy and Materials Science, University of Cape Town 
The shap e and the sur face morphology of auto genously comminuted 
quartz i te particles have been studied in order to assess the mechanisms. 
The particles wer e sampled 1 from the product of a laboratory autogenous 
mill of 160mm int. d i a. and f rom various operation stages of a wet, fully 
autog~n9us "Aero f all" t e st mill of l,52m int. d ia . An evaluation of the 
shape characteristics of t he part icles was performed via t h e area A, the 
perimete r P and the max imum diameter D of the two dimens i onal S. E. M. 'image, 
using a planometer , a chart odometer and a micrometer resp ectiy ely. Two 
shape factors wer e established, v iz. the surface shape factor A/D2 a~d the 
outline area shape factor A/P 2. An increase of the 'angular roundness' of 
the particles from the laboratory mill was found for longer times 
(>120mins. ) , whi l e simila r shape changes were observed for the test mill 
particles t aken from the run-of-mine feed, mill interior and cyclone over-
f low respectively (figs. 1, 2 & 3). The shape characteristics of particles 
t aken from the product of compres sion (fig. 4) and abrasion (fig. 5) tests 
were found to be similar to the ones of the milling particles. This 
ind i cates that abrasion and impac t ~echanisms are of importance in auto-
genous milling compared with attr ition, since this process is known to pro-
duce round particles e.g. natura l quartz sand rounded by aeolian attrition. 
Although the quartzite parti c les were found to increase their 'angular _ 
roundness', their surface morpho l ogy contains cleavage facets and fracture 
patterns, irrespective of milling times. This indicates that comffiinuting 
events employing fracture are of importance in an autogenous mill. - The 
presence of gouge-free and adher i ng particles of colloidal size, is 
probably associated with plastic flow phenomena of included mineral constit-
uents, since an S.E.M. examination o f surfaces (fig. 6) and detritus 
(fig. 5), taken from the wear of quartzite drill cores showed the occur-
rence of ploughing of hard partic les into softer ones. --
Microstructural defects, favouring -transgranular fracture (fig. 7) were 
found to be present in connninuted particles. These defects may derive from 
the geological history of the ro ck. This is supported by the high density 
of simi l ar defects in thermally t reated particles 2 (fig. 8). From a 
mineral processing poirit of view , inter granular f racture is more desirable 
than the transgranular one since the minerals are concentrated at the grain 
boundaries. Further comminut ion r ·epresents energy wasted, and the pres_ence 
of the very fine particles is as sociated with a decreased efficiency of the 
subsequent separation operation. The same applies 'for the plastic flow 
detritus produced by abrasion . 
The N. I . M. and the Chamber of Mines are acknowledged for t heir support and 
the E. M, Unit at U. C. T. fo r exper imental assistance . 
References 
. 
L Taggart, A.F., 1953, Handbook of Mineral Dressing, Wiley, N. York. 
2. Kanellopou los, A.C. & Ball, A., 1975, Jnl. S.A. Inst. Min.Met., J..!:..., 45 . 
PROCEEDINGS VOLUME 7 ELECTRON MICROSCOPY SOCIETY OF SOUTHERN AFRICA 63 
64 
